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Potassium-ion batteries (PIBs) have recently attracted considerable attention for 
electrochemical energy storage due to the abundant and widely distributed nature of 
potassium resources and their encouraging intercalation chemistry in graphite, the 
commercial anode in lithium-ion batteries. 
The main purpose of this thesis is to report the relevant outcomes of my research 
regarding advanced electrode and electrolyte materials for PIBs, from the aspect of 
materials engineering, as well as their electrolyte salt chemistry. Fundamental studies 
via monitoring the phase transformations of the working electrode materials are also 
emphasized in this thesis. 
The formidable challenge is to develop suitable electrode materials and electrolytes 
for accommodating the relatively large size and high activity of potassium ions. 
Herein, I report Bi-based materials as novel anodes for PIBs. Nanostructured design 
and proper selection of the electrolyte salt have been used to achieve excellent cycling 
performance. It was found that the potassiation of Bi involves a solid-solution 
reaction, followed by two typical two-phase reactions, corresponding to Bi ↔ Bi(K) 
and Bi(K) ↔ K5Bi4 ↔ K3Bi, respectively. By choosing potassium 
bis(fluorosulfonyl)imide (KFSI) to replace potassium hexafluorophosphate (KPF6) in 
carbonate electrolyte, a more stable solid-electrolyte interphase (SEI) layer has been 
achieved and has resulted in notably enhanced electrochemical performance. More 
importantly, the KFSI salt is very versatile and can significantly enhance the 
electrochemical performance of other alloy-based anode materials such as Sn and Sb. 
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The stern challenge of PIBs for success in application is to overcome the low kinetics 
due to the large radius (1.38 Å) and heavy mass (39.09 g/mol) of potassium. 
Conceptually, nanostructured materials not only drastically shorten the diffusion 
distance of shuttled ions, but also increase the active surface area of the electrode 
materials, thereby boosting their electrochemical performance. Moreover, the problem 
of accumulation of volume changes of nanostructured materials during potassiation 
and depotassiation is still yet to be overcome. Herein, a well-designed anode material 
has been constructed, nanosized antimony embedded in a three-dimensional (3D) 
amorphous carbon matrix (Sb@3DACM). The novel construction of this amorphous 
carbon matrix would provide space to cushion the volume expansion during the 
potassiation of antimony, which has led to an excellent electrochemical performance 
of this composite as anode for PIBs. 
On the other hand, one of the main challenges for PIBs is to develop suitable cathode 
materials to store the large-size K+ ions with a reasonable capacity, voltage, kinetics, 
cycle life, cost, etc. Layer-structured manganese oxides are attractive as electrodes for 
PIBs, but they suffer from structural instability and sluggish kinetics of K+ 
insertion/extraction, leading to poor rate capability. Herein, cobalt has been 
introduced on manganese sites in the KxMnO2 layered oxide electrode material, and 
with only 5% Co, the reversible capacity was increased by 30% at 22 mA g-1 and by 
92% at 440 mA g-1. In operando synchrotron X-ray diffraction revealed that Co 
suppresses Jahn-Teller distortion, leading to more isotropic migration pathways for 
K+ in the interlayer, thus enhancing the ionic diffusion and consequently, the rate 
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capability. A detailed analysis revealed that additional phase transitions and larger 
volume changes occur in the Co-doped material as a result of layer gliding, with these 
associated with faster capacity decay, despite the overall capacity remaining higher 
than in the pristine material, even after 500 cycles. These results assert the importance 
of understanding the detailed structural evolution that underpins performance, which 
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corresponding Coulombic efficiency; (c) discharge/charge curves; (d) CV curves at 
the scan rate of 0.05 mV s-1. Reprinted with permission from Ref 106. Copyright 2016 
Royal Society of Chemistry. 
Figure 2.28 Illustration of the potassium storage mechanism in Sn4P3/C anode. 
Reprinted with permission from Ref 24. Copyright 2017 American Chemical Society. 
Figure 2.29 Electrochemical performance of nanoporous antimony and bulk 
antimony anodes. (a) Cycling performances at 100 mA g-1; (b) Rate performances at 
rates from 50 to 500 mA g-1. Reprinted with permission from Ref 107. Copyright 
2018 American Chemical Society. 
Figure 2.30 Discharge/charge profiles for selected cycles of the bismuth anode in (a) 
KFSI and (b) KPF6 electrolytes; Cycling performance comparison of (c) Sn and (d) 
Sb when using KFSI and KPF6 electrolytes, respectively. Reprinted with permission 
from Ref 108. Copyright 2018 John Wiley and Sons. 
Figure 2.31 Schematic diagrams of the synthesis and potassium storage mechanism 
of dipotassium terephthalate (K2TP); (b) Structure of highest occupied molecular 
orbital (HOMO) of K2TP with two negative-charges; and (c) Refined structure of 
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with permission from Ref 109. Copyright 2017 Royal Society of Chemistry. 
Figure 2.32 Illustration of the synthetic route for CoS/Graphene nanosheets, with the 
insets (a) SEM and (b) TEM images of CoS/Graphene nanosheets. Reprinted with 
permission from Ref 111. Copyright 2017 John Wiley and Sons. 
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Figure 3.1 a) Outline of research procedures; b) Characterizations of materials 
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and measurements. 
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Figure 3.3 The general configuration of a two-electrode coin cell setup. 
Figure 3.4 The experimental setup on the Powder Diffraction beamline at the 
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Figure 3.5 Powder Diffraction beamline lab at the Australian Synchrotron. 
Figure 4.1. Physical properties of as-synthesized Bi/rGO. a) XRD pattern, with the 
inset showing the crystal structure of the hexagonal Bi; b) SEM image; c) Low 
resolution TEM image; d) High resolution TEM image with inset SAED pattern; e) 
EDS maps; f) XPS spectrum of Bi peaks. 
Figure 4.2. Raman spectrum of as-synthesized Bi/rGO composite. 
Figure 4.3. (a) TEM and (b) HRTEM images of as-synthesized Bi. 
Figure 4.4. Thermogravimetric (TG) analysis curve of Bi/rGO. 
Figure 4.5. Electrochemical performance of Bi-based electrodes for K storage. Cyclic 
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KPF6 electrolyte at a scanning rate of 0.05 mV s−1. Galvanostatic discharge–charge 
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electrolyte at 50 mA g−1. (e) Cycling performance of Bi and Bi/rGO electrodes in 
KPF6 and KFSI electrolytes at 50 mA g−1 and the corresponding Coulombic efficiency. 
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Figure 4.6. CV curves for the first 5 cycles of (a) commercial Bi2O3 and (b) carbon 
black (Super P). 
Figure 4.7. Galvanostatic discharge–charge profiles for selected cycles of the Bi 
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Figure 4.10. Potassium-storage mechanism of Bi. (a) Ex-situ XRD patterns collected 
at different points in the discharge/charge cycle; (b) The refined lattice parameters and 
proposed potassiation/depotassiation mechanism; and (c) TEM image with inset 
images showing fast Fourier transform patterns of selected areas of a Bi@rGO 
electrode after it was fully discharged. 
Figure 4.11. Ex-situ TEM images of Bi/rGO electrode after 2 cycles, 5 cycles, and 10 
cycles in KFP6 (a, b, c) and KFSI (d, e, f) electrolytes, with the insets showing higher 
magnification. EDS maps of F element in Bi/rGO electrode after 10 cycles in (g) 
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1s of Bi/rGO electrode after 10 cycles in KPF6 and KFSI electrolytes, respectively. 
Figure 4.12. HRTEM image of the SEI layer of Bi/rGO for the 5th cycle in KPF6 
electrolyte. 
Figure 4.13. Ex-situ SEM images of Bi/rGO electrodes: a, b) fresh; c, d) after the 10th 
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Figure 4.14. EDS maps of Bi/rGO electrode after 2 cycles, 5 cycles, and 10 cycles in 
(a) KPF6 and (b) KFSI electrolytes. 
Figure 4.15. (a) Nanoindentation force of the Bi/rGO electrode at a given indentation 
depth after cycling in KPF6 and KFSI electrolyte, respectively. Digital photographs of 
the separator after 10 cycles in (b) KFSI electrolyte and (c) KPF6 electrolyte. Surface 
height maps of Bi/rGO electrode for (d) KPF6 electrolyte and (e) KFSI electrolyte, 
and surface potential maps of Bi/rGO electrode for (f) KPF6 electrolyte and (g) KFSI 
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Figure 4.17. Electrodes soaked in different electrolytes for 30 days. 
Figure 4.18. The surface potential map of standard gold Mylar® (a) before and (b) 
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Figure 4.19. (a) Schematic illustration of the proposed stabilization effects of 
electrolyte on the SEI layer of Bi/rGO electrode. The cycling performance of (b) Sn/C 
and (c) Sb/C electrodes in KPF6 and KFSI electrolytes at 50 mA g−1, and the 
corresponding Coulombic efficiency (d) Sn/C and (e) Sn/C. 
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Figure 4.20. SEM images of of (a) Sn/C and (d) Sb/C electrodes. 
Figure 4.21. Galvanostatic discharge–charge profiles for the first 3 cycles of Sn/C and 
Sb/C electrode in (a) (c) KFSI electrolyte and (b) (d) KPF6 electrolyte at 50 mA g−1, 
respectively. 
Figure 4.22. Comparison of the rate performance of our Bi/rGO anode with the 
reported carbon based anodes. The data are used from Table S4.1. 
Figure 5.1 a) XRD pattern and b) Raman spectrum of Sb@3D-ACM, Sb@AC, and 
3D-ACM; c, d) SEM of Sb@3D-ACM, low and high resolution, respectively; e) N2 
adsorption/desorption of Sb@3D-ACM, the surface area is 129.7 m2 g-1; f) Pore size 
distribution of Sb@3D-ACM. 
Figure 5.2 a) XRD data and b) SEM image of commercialized antimony powder; 
SEM images of c) Sb@AC and d) Sb@CB. 
Figure 5.3 TGA profile of Sb@3D-ACM, the carbon content ratio is about 30 wt.%. 
Figure 5.4 a, b) Low and high resolution of TEM of Sb@3D-ACM; c) Elemental 
distribution obtained from EDX spectroscopy mapping Sb@3D-ACM; d) HRTEM 
image of Sb nanoparticle in Sb@3D-ACM; e) Selected area electron diffraction 
(SAED) of Sb@3D-ACM. 
Figure 5.5 The morphology of 3D-ACM a) SEM image and b) TEM image. 
Figure 5.6 a) Cycling performance comparison of Sb@3D-ACM, Sb@AC, and 
Sb@CB and Sb-bulk at 50 mA g-1; b) Coulonbic efficiency comparison of 
Sb@3D-ACM, Sb@AC, and Sb@CB; c) Rate performance of Sb@3D-ACM and 
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XXV 
 
charge/discharge profiles of Sb@3D-ACM under various current densities; e) Cyclic 
voltammetry profiles of Sb@3D-ACM vs. K in a half-cell at the scanning rate of 0.1 
mV s-1 within 0.01-2.0 V; f) Galvanostatic charge/discharge profiles of Sb@3D-ACM 
at 50 mA g-1 within the voltage range 0.01-2.0 V; e) Cycling performance and the 
corresponding coulombic efficiency of Sb@3D-ACM, at a high current density of 
1000 mA g-1. 
Figure 5.7 The morphology comparison of Sb@3D-ACM electrode material via SEM 
a) fresh, b) after 100 cycles, and HRTEM c) fresh, d) after 100 cycles. 
Figure 6.1. Rietveld refinement profiles using neutron powder diffraction data of 
as-synthesized a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2, where vertical lines are 
reflection markers for each phase and the refined crystal structure of the main phase is 
shown inset with potassium in orange, manganese in blue, and oxygen in red; c) 
STEM dark field image of K0.3Mn0.95Co0.05O2 showing (001) planes; d) SEM image of 
K0.3Mn0.95Co0.05O2 particles; e) Elemental distribution obtained from EDX 
spectroscopy mapping in K0.3Mn0.95Co0.05O2. 
Figure 6.2 Rietveld refinement profiles using X-ray powder diffraction (XRPD) data 
of as-synthesised a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2. For improved clarity the 
background has been subtracted. Vertical lines are reflection positions for each phase. 
The K2CO3 phase was excluded from the refinement. 
Figure 6.3 EDX spectrum of as-synthesized a) K0.3MnO2, and b) K0.3Mn0.95Co0.05O2; 
high-resolution XPS spectrum at the c) Mn 2p edge for K0.3MnO2; d) Mn 2p and e) 
Co 2p edge for K0.3Mn0.95Co0.05O2. 
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Figure 6.4 XRPD data of K0.3MnO2 as-synthesized and after washing with water. The 
broad signal around 20° arises from the Kapton tape used to isolate samples from the 
air. 
Figure 6.5 Representation of distorted MnO6 octahedra in a) K0.3MnO2 and b) 
K0.3Mn0.95Co0.05O2. Mn is blue and oxygen ions (red) are shown with anisotropic 
displacement ellipsoids (70%), emphasising a larger displacement along the elongated 
bonds. 
Figure 6.6 a) SEM image of K0.3MnO2 particles; b) STEM image of K0.3MnO2 
showing (001) planes; c) Elemental distribution from EDX spectroscopy mapping of 
K0.3MnO2. 
Figure 6.7 Cyclic voltammetry curves of a) K0.3Mn0.95Co0.05O2 and b) K0.3MnO2 vs. K 
in half-cells at 0.1 mV.s-1 and galvanostatic charge/discharge profiles of c) 
K0.3Mn0.95Co0.05O2 and d) K0.3MnO2, e) discharge capacity over the first 30 cycles for 
K0.3Mn0.95Co0.05O2 and K0.3MnO2 at 22 mA g-1 over the extended voltage window 
1.5-3.9 V. 
Figure 6.8. a) Cyclic voltammetry profiles of K0.3Mn0.95Co0.05O2 and K0.3MnO2 vs. K 
in a half-cell at a scan rate of 0.1 mV.s-1; galvanostatic charge/discharge profiles at 22 
mA g-1 within the voltage range 2.0-3.6 V for b) K0.3Mn0.95Co0.05O2 and c) K0.3MnO2; 
d) Specific discharge capacity at 25 mA g-1 within the range 2.0-3.6 V; e) Rate 
performance under current densities of 22, 43, 87, 173, 260, 347, 440 mA g-1; f) 
Long-term cyclability and coulombic efficiency at a current density of 173 mA g-1. 
The voltage window is 2.0-3.6 V. 
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Figure 6.9 XRPD data of a) K0.3MnO2 and b) K0.3Mn0.95Co0.05MnO2 precursor 
powders measured ex situ and of the corresponding electrodes measured using in 
operando SXRPD before cycling. Reflections arising from Al metal are identified and 
those arising from the K2CO3 impurity phase are marked with an asterisk. 
Figure 6.10 Galvanostatic charge/discharge curves of coin cells containing a) 
KxMnO2 and b) KxMn0.95Co0.05O2 under various currents measured for the 10th cycle, 
CV profiles of c) KxMnO2 and d) KxMn0.95Co0.05O2 at various scan rates. 
Figure 6.11 XRPD data of a) KxMnO2 and b) KxMn0.95Co0.05O2 before and after 100- 
cycles in coin cells. High-angle annular dark-field STEM images of c) KxMnO2 and d) 
KxMn0.95Co0.05O2 extracted from coin cells cycled 100 times. 
Figure 6.12 Open-circuit voltage vs. time of batteries containing a) K0.3MnO2 and b) 
K0.3Mn0.95Co0.05MnO2. 
Figure 6.13. First galvanostatic discharge and second galvanostatic charge (a and b) 
of batteries containing K0.3MnO2 (top) and K0.3Mn0.95Co0.05O2 (bottom) and their 
corresponding in operando SXRPD data over angular ranges 6.05-6.27° (b and f) 
15-16.8° (c and g), and 17.1-19.6° (g and h). Some reflections indexed to the 
monoclinic lattice are marked. Asterisks identify the position of some K2CO3 
reflections and the aluminium metal reflection is marked. Associated single layered 
phases are labelled in the discharge-charge curves and shown in blue for the P’3-type 
and red for the O’3-type structure, and the hashed block marks reflection broadening 
observed at higher K content. 
Figure 6.14 a) Single-phase domains determined from in operando synchrotron X-ray 
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powder diffraction and the corresponding galvanostatic curve of KxMnO2, with 
numbered phase transitions between each domain. b) Cyclic voltammetry measured 
for KxMnO2 at 0.1 mV s-1. c) dV/dt of KxMnO2. d) Single-phase domains determined 
from in operando synchrotron X-ray powder diffraction and the corresponding 
galvanostatic curve of KxMn0.95Co0.05O2, with numbered phase transitions between 
each domain. e) Cyclic voltammetry measured for KxMn0.95Co0.05O2 at 0.1 mV s-1. f) 
dV/dt of KxMn0.95Co0.05O2. Transitions in parentheses signify that although a clear 
redox peak is visible, no obvious transition can be seen from XRPD. 
Figure 6.15 Volume change of KxMnO2 and KxMn0.95Co0.05O2 relative to the volume 
of the initial material during the a) first discharge and b) second charge. 
Figure 6.16. Derived distances obtained from refined unit-cell parameters using in 
operando SXRPD data for a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2. Gaps in data arise 
at particular compositions where the presence of multiple layered phases prevented 
unit-cell refinement. Error bars are the estimated standard deviations as corrected for 
local correlations after Bérar and Lelann[40]; c) Schematic illustration of the glide 
transitions in monoclinic KxMO2 (M = Mn + Co) with unit-cell parameters of 
KxMnO2 at x ≈ 0.1, 0.2, and 0.35 during charge with the position of oxygen 
approximated from the expected Mn3+/Mn4+ ratio. 
Figure 6.17 a) a, b) b, c) c and d) β unit-cell parameters of KxMn0.95Co0.05O2 and e) a, 
f) b, g) c and h) β of KxMnO2 obtained using Le Bail analysis of in operando SXRPD 
data. 
Figure 6.18 a) Potential profiles obtained using the GITT for KxMnO2 and 
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KxMn0.95Co0.05O2 in coin cells during charge (depotassiation) and b) the 
corresponding calculated diffusion coefficient as a function of equilibrium potential. 
Figure 6.19 a) Voltage measured during the galvanostatic charge/discharge of 
K0.3MnO2 at 22 mA g-1 within the range 1.5-4.0 V; b) Corresponding in operando 
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Chapter One Introduction 
1.1 Research Background 
Owing to the depletion of fossil fuels and the environmental issues caused by using 
them, intensive interest has been growing on exploring and using the renewable 
energy resources such as hydro, solar and wind. There is also a strong demand for 
eco-friendly and sustainable energy storage systems to store and efficiently use these 
renewable but intermittent energy sources. Rechargeable batteries are regarded as one 
of the best energy storage methods due to their pollution-free operation, adjustable 
shapes and sizes ranging from a mobile phone battery to megawatt-scale systems, 
high efficiency, and long cycle life. Since its first commercialization in 1991 by Sony, 
the lithium-ion batteries (LIBs) have dominated the market for consuming electronics 
such as mobile phones, cameras, and laptops, due to their high energy density and 
efficiency. In order to meet the ever-growing demand on cheaper, smaller and lighter 
portable electronics, however, the LIB technology needs to be further improved in 
terms of energy/power densities, efficiency, cost, etc. [1]. In addition, there has been a 
boost to the development of stationary electric energy storage and electric vehicles, 
which will also accelerate the demand for low-cost and high-energy-density LIBs, 
although the strong demand in the market will inevitably increase the price of LIBs 
since the lithium resources are limited with less than 20 ppm of lithium in the Earth’s 





Table 1.1 Comparison of physical properties of “lithium”, “sodium”, and “potassium” 
for rechargeable batteries. 
 Li+ Na+ K+ 
Atomic mass 6.94 22.99 39.09 
Ionic raddi (Å) 0.76 1.02 1.38 
Melting point (°C) 180.5 97.7 63.4 
Abundance in the Earth’s crust (mass %) 0.0017 2.3 1.5 
E° vs. SHE (V) -3.04 -2.71 -2.93 
E° vs. Li+/Li in PC (V) 0 0.23 -0.09 
Desolvation energy in PC (kJ mol-1) 215.8 158.2 119.2 
Ionic conductivity of electrolyte of 1 M 
MFSI in EC:DEC (mS cm-1) 
9.3 9.7 10.7 
Theoretical capacity of graphite (mA h g-1) 372  279 
Reaction voltage of graphite n vs. M+/M [V] ~ 0.1 0.01 for hard carbon ~ 0.2 
Theoretical capacity of M3V2(PO4)3 cathode 
(mA h g-1) 
132 118 106 
Reaction voltage of M3V2(PO4)3 cathode vs. 
M+/M (V) 
3.7 3.4 3.8 
 
The concerns about the price and depletion of lithium sources have led to the 
development of Sodium-ion batteries (SIBs) and Potassium-ion batteries (PIBs) 
because sodium and potassium are not only abundant on the Earth but also evenly 
distributed in the world (Table 1) [3-11]. Moreover, Na and K do not form alloys with 
Al electrochemically. It means that, in SIBs and PIBs, low cost Al foil can be used as 
current collectors for both anode and cathode, while more expensive Cu foil is 
normally used on the anode side in LIBs. Thus, compared to LIBs, a lower cost is 
expected for SIBs and PIBs. In addition, Na and K are in the alkali series next to Li 
and share similar chemical properties with Li, and hence the knowledge from LIBs 
can be transferred to SIBs and PIBs. The recent activities on SIBs started earlier than 
on PIBs, and have been boosted since 2011[3]. Graphite, the commercial anode 
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material in LIBs, has poor capacities in SIBs, however, because Na cannot intercalate 
into graphite to form graphite intercalated compounds [12]. In contrast, hard carbon is 
regarded to be the most suitable anode material in SIBs up to now due to its high 
specific capacity (300 mAh g-1), but it suffered from its high production cost and low 
volumetric capacity of 450 mAh cm-3, which is around half that of graphite in LIBs 
[13]. In addition, the operation voltage of SIBs is lower compared to LIBs due to the 
relatively high standard potential (E(Li/Li+): −3.04 V; E(Na/Na+): −2.71 V). In 
contrast, graphite could intercalate and de-intercalate K+ ions reversibly [13], and 
hence the well-established system for LIBs can be more smoothly transferred to 
low-cost PIBs than to other rechargeable batteries. In addition, the standard 
electrochemical potential of K/K+ (-2.93 V vs E°) is lower than that of Na/Na+ and 
close to that of Li/Li+. Also in some carbonate solvents, the standard potential of 
potassium is even lower than that of lithium, suggesting a potentially higher working 
voltage of PIBs compared with those of SIBs and LIBs [14, 15]. Therefore, based on 
its material abundance, standard electrode potential, and potassium intercalation 
chemistry, PIBs are the suitable alternative to LIBs [16]. 
Studies on the electrochemical behaviour of K ions can go back to the 1980s [17-20], 
which is close to the exploration of Li-ion and Na-ion. The research has been limited 
for years, however, due to concerns about the relatively heavier atomic mass and the 
larger ionic radius of potassium compared to lithium and sodium, however. It is true 
that the heavier K compared to Na and Li will lead to a decrease in the theoretical 
capacity, but the difference becomes smaller when comparing the theoretical 
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gravimetric capacity of the host materials not the metal electrodes since the capacity is 
primarily determined by the host materials. For example, when two-electron reactions 
of the V3+/V4+ redox couple are involved, the theoretical capacity are 132, 118, and 
106 mAh g-1 for Li3V2(PO4)3, Na3V2(PO4)3 and K3V2(PO4)3, respectively. The 
calculated capacity of the PIB cathode is only 19.7% less than that of the LIB cathode. 
The difference can be even smaller in some other materials. Also, the problem can be 
compensated in terms of energy density since PIBs show higher voltage than SIBs and 
LIBs in some organic electrolytes. For example, Komaba et al. reported that the 
plating/stripping potential of K/K+ is 0.15 V lower than that of Li+/Li in the EC/DEC 
based electrolytes [16]. This originates from the different solvation energy due to the 
different size of K and Li ions. Compared to large K ions, small Li ions have a larger 
desolvation energy, and hence a higher redox potential of Li+/Li. In addition, the 
larger K ions with smaller desolvation energy and solvated cations in liquid 
electrolytes will have higher transference number and ionic conductivity than smaller 
Li+ and Na+ ions, and hence better kinetics and rate performance in PIBs are expected 
[21]. It is undeniable that the larger K ions may affect the structural stability of the 
host materials and the possible interphase formation during charge/discharge, 
resulting in limited cycle life, but the advances of material research will potentially 
solve the issue. 
In 2015, graphite was found to accommodate potassium electrochemically and 
reversibly at room temperature [14]. Since then, the research on PIBs has been 
accelerated and a strongly number of publications was increased due to this important 
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finding and the strong demand for electric vehicles (EVs) and large-scale energy 
storage systems [11]. Various anode materials for PIBs have been reported. In addition 
to graphite, other carbonaceous materials, such as hard carbon, soft carbon, and high 
capacity metal based anode materials have been also investigated, and excellent 
achievements have been obtained [22-24]. In particular, the insertion potential of K 
ions in most carbon anodes (~ 0.2 V vs K/K+) and some non-carbon anodes such as 
Sn4P3 (~ 0.1 V vs K/K+) is slightly higher than that in SIBs [24]. The potentials are 
well above the plating potential of K, but low enough for an anode, suggesting that 
PIBs may be operated more safely than SIBs. Compared to relatively successful anode 
materials, however, research into cathode materials for PIBs is a greater challenge. 
Like the LIBs, cathode materials play a key role in determining the energy, power, 
cycling life, safety, and cost of PIBs as well. Therefore, a review about the progress of 
cathode materials is very much needed, although there are several review papers on 
PIBs [6-11]. This review summarizes the current status and prospects for cathode 
materials. Starting from the importance, configuration, and principle of PIBs, this 
review then mainly focuses on the redox reactions of the cathodes, and their 
compositions, structures, and electrochemical properties, as well as the strategies for 
enhancing their performance. Also, the effects of the electrolyte and the binder are 
reviewed and discussed. Moreover, a brief overview of the research on full cells is 
presented along with their future prospects. This review aims to help researchers to 
better design advanced cathode materials with high capacity, high voltage, and 
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Chapter Two Literature Reviews 
2.1 Configuration and principle of PIBs 
PIBs operate by a similar rocking-chair principle to LIBs, where K ions shuttle 
between the anode and cathode via the intercalation mechanism through an electrolyte. 
The battery structure and working mechanisms of PIBs are similar with LIBs. Figure 
2.1a schematically shows the operating principle of the PIBs. During charge, the 
cathode (e.g., K0.5MnO2) experiences an oxidation reaction with K de-intercalation 
and electron loss, while a reduction reaction occurs at the anode (e.g., graphite) 
simultaneously with the K intercalation and electron acquisition. Meanwhile, the K+ 
ions and electrons move to the anode through the internal electrolyte and external 
conduction, respectively. During discharge, the opposite process occurs. In addition, 
the electrochemical potentials of the anode (µA) and the cathode (µC) need match the 
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular 
orbital (HOMO) of the electrolyte, respectively. When the µA of the anode lies in 
above the LUMO, or the µC of the cathode lies in below the HOMO, the electrolyte 
will be reduced on the anode or oxidized on the cathode, because the electron transfer 
from the anode to the electrolyte or from the electrolyte to the cathode is 
thermodynamically favourable. Otherwise, a passivation layer required to block the 





Figure 2.1 (a) Schematic operation principle and charge/discharge mechanism of 
PIBs, in which the cathode and anode materials are represented by layered K0.5MnO2 
and graphite, respectively. (b) Schematic open-circuit energy diagram of the 
electrolyte window (Eg), µA and µC of the anode and cathode. µA >LUMO and/or µC 
<HOMO requires a kinetic stability by the formation of an SEI layer. Reprinted with 
permission from Ref 25. Copyright 2010 American Chemical Society. 
 
The energy density of a PIB is correlated to the capacities of anode and cathode, and 
the cell potential. The theoretical capacity of electrode materials can be calculated 
based on the equation of Q = nF/3.6M, where n is the electron-transfer number, F is 
the Faraday constant, and M is the molar mass of the materials. A small molar mass 
and a large electron-transfer number can lead to a high capacity. Therefore, the 
favorable elements for high capacity electrode materials are mostly in the first four 
rows of the yperiodic table. In addition, since anode materials normally have a higher 
capacity than that of cathode materials, the K-ion storage capacity of a PIB is mostly 
determined by the cathode materials. Cathode materials are commonly transition 
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metal based compounds, because variable valence states of transition metals allow 
storing more electrons, and hence, probably offer higher capacities. 
The potential of the cell is determined by the difference between the electrochemical 
potentials of the anode (µA) and the cathode (µC), which is related to the partial molar 
quantity of Gibbs free energy and follows the equation E = -∆G/nF, where ∆G is the 
Gibbs’ free energy difference. The µA values of the carbon-based anodes are similar, 
while the µC is intrinsically determined by the redox energy of a transition metal, as is 
the case for LiCO2 (vs. the Fermi level of metallic Li) (Figure 2.2a) [25]. Therefore, it 
will be critically important to design higher µC to lift the working voltage of the cell. 
Figure 2.2b compares the redox potentials and capacities of phosphates in LIBs [26]. 
It is clear that with increasing the atomic number in the fourth row of the periodic 
table, the redox potentials of phosphates increase as well. It follows the 
electronegativity rule that if the electronegativity is greater, the electrochemical 
potential is higher [27]. It is well known that the atomic radii of atoms decrease going 
from the bottom to the top or from the left to the right. When the radius of the element 
becomes smaller, the electronegativity correspondingly increases as the valence 
electrons will be attracted more strongly by the positively charged nucleus. 
Furthermore, the anionic groups with different elements or configurations also possess 
different electronegativity, which also affects the types of bonds between the metal 
cations and anionic groups. Figure 2.2c shows that polyanionic groups such as 
phosphates, silicates and sulfates exhibit higher voltages than oxides for some 
transition metal based redox couple due to their higher electronegativity in LIBs [28]. 
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Meanwhile, different polyanionic groups have different electronegativity, and hence 
have different electrochemical potentials, which also follow the same 
electronegativity rule. Therefore, tailoring of the redox potential depends not only on 
the valence state of the cation, but also on the types of the anion, and its structure. 
 
 
Figure 2.2 (a) Schematic of their corresponding energy vs density of states showing 
the relative positions of the Fermi energy in an itinerant electron band for LixC6, the 
Co4+/Co3+ redox couple for LixCoO2, Reprinted with permission from Ref 25. 
Copyright 2010 American Chemical Society. (b) Mean voltage in phosphates versus 
maximum gravimetric capacity achievable, Reprinted with permission from Ref 26. 
Copyright 2011 American Chemical Society. (c) Respective positions of the Fe3+/Fe2+ 
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redox couple vs Li+/Li in polyanionic groups. Reprinted with permission from Ref 28. 
Copyright 2013 American Chemical Society. 
 
Currently, the laboratory study of electrode materials for alkali-ion secondary batteries 
mainly relies on half cells, where the alkali metals will be used as counter electrode. 
The assembly procedure is similar, regardless of whether LIBs, SIBs, or PIBs are 
being constructed. Unlike the lithium cells, however, where Li foil is commercially 
available and can be directly used as electrode, the purchased sodium or potassium 
metal is in a chunk shape, and hence, pre-processing is needed to make Na or K foil 
for assembling Na and K cells. It is also worth mentioning that more rigorous 
conditions (low O2 and moisture level in the glove box) are needed for assembling K 




2.2 Cathode materials 
Generally, the charge/discharge potential of the cathode materials mainly depends on 
the redox potential of the element that participates in the electrochemical reaction. By 
analysing and studying the redox reaction, we can better understand and manipulate 
the electrochemical potential, which will be of benefit for designing advanced cathode 
materials for PIBs. Until now, most of the reported cathodes for PIBs have been based 
on the redox couples of transition metals such as Fe, Mn, Co, and V. Here, the redox 
couples of these metals and their complexes will be discussed. Some other cases such 
as organic cathodes, will also be presented to form an integrated view of cathode 
materials for PIBs. 
2.2.1 Single-Metal redox couple cathodes 
Iron redox couple 
Single-electron transferred Fe2+/Fe3+ redox couple cathode materials have been widely 
used in LIBs and SIBs. For example, Fe2+ in LiFePO4 (a very popular LIB cathode) is 
oxidized to Fe3+ during the charge process, delivering a stable plateau at ~ 3.7 V and a 
capacity of ~ 160 mAh g-1 [29]. Some SIB cathode materials, such as 
Na1.4CuII1.3FeII(CN)6 [30], Na1.94NiII1.03FeII(CN)6 [31], and Na2ZnII3[FeII(CN)6]2·9H2O 
[32] also store energy based on the Fe2+/Fe3+ redox couple. Apart from these examples, 
some oxides such as NaFeO2 [33] store energy as SIB cathode based on the redox 
couple of Fe3+/Fe4+. In the case of the PIBs, most Fe-based cathodes are Prussian blue 
(PB) and Prussian blue analogues (PBAs), which have an energy storage mechanism 
based on the Fe2+/Fe3+ redox couple. The chemical formula of classic PB is KFeⅢ[FeII 
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(CN)6], and it has an metal organic framework (MOF) structure, in which Fe3+ and 
Fe2+ are bridged by cyanide groups (-C≡N-)- (Figure 2.3a) [10]. This kind of 
three-dimensional (3D) network is able to provide channels for rapid intercalation and 
de-intercalation, indicating that PBAs would be promising in K+ storage [10]. 
Eftekhari directly utilized pure PB as cathode for PIBs for the first time [34]. During 
the charge process, Fe2+ was oxidized to Fe3+ according to Equation (1) [34]: 
KFeIII[FeII(CN)6] → FeIII[FeIII(CN)6] + K+ + e-1 (1) 
This one-electron transfer reaction delivered a capacity of ~ 80 mAh g-1 with a 
sloping plateau between ~ 3.7-3.9 V (Figure 2.3b). After 500 cycles at 0.1 C, it still 
had a charge capacity of ~ 68 mAh g-1[34]. Such high voltage profiles and good 
capacity retention demonstrated that PB was promising cathode materials for PIBs. 
Lei et al. synthesized K0.22Fe[Fe(CN)6]0.805⋅□0.195⋅4.01H2O (where □ represents the 
(CN)6 vacancy) and applied it as a cathode in PIBs [35]. It showed a pair of redox 
peaks at 3.53/3.18 V during cyclic voltammetry (CV) testing (Figure 2.3c). The CV 
peaks were related to the Fe2+/Fe3+ redox couple of C-coordinated Fe along with the 
K+ de-intercalation/intercalation process. To verify this mechanism, the authors did 
ex-situ Raman analysis. During charging, the intensity ratio of the C-coordinated 
Fe2+-peak (~ 2080 cm-1) to the N-coordinated Fe3+-peak (~ 2130 cm-1) decreased as 
the process of K+ was extracted from the lattice, while it increased during discharging 
(Figure 2.3d, e). The results suggested that the Fe2+/Fe3+ redox couple of 
C-coordinated Fe should be the redox-active sites and thus was electrochemically 
responsible for K+ storage. 
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Li et al. used low-cost potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6) as 
cathode and studied its electrochemical behaviours [36]. In order to fully exploit its 
electrochemical behaviours, K4Fe(CN)6 was mixed with Super P to enhance its 
conductivity. The CV curves displayed a pair of sharp peaks located at 3.67/3.5 V, 
corresponding to the K+ extraction/insertion process (Figure 2.3f). By calculating the 
ratio of the first charge capacity to the theoretical capacity, the authors claimed that 
the K4Fe(CN)6/C composite could accommodate extraction/insertion of 0.9 K+ per 
formula unit. The diffraction peaks in the X-ray diffraction (XRD) pattern of the 
charged cathode belonged to a new phase of K3Fe(CN)6. These results indicated a 
Fe2+/Fe3+ redox reaction in K4Fe(CN)6, which corresponds to a one-electron transfer 
reaction (Figure 2.3g). Based on this mechanism, it delivered a discharge capacity of 
~ 70 mAh g-1 (Figure 2.3h). 
 
 
Figure 2.3 (a) Structural illustration of PB; Reprinted with permission from Ref 10. 
Copyright 2017 American Chemical Society. (b) Charge-discharge curves of PB at 0.1 
C; Reprinted with permission from Ref 34. Copyright 2004 Elsevier B.V. (c) CV 










Indication of different charge and discharge states and (e) ex-situ Raman spectra at 
different states of K0.22Fe[Fe(CN)6]0.805⋅□0.195⋅4.01H2O; Reprinted with permission 
from Ref 35. Copyright 2017 John Wiley and Sons. (f) CV curves at 0.1 mV s-1, (g) 
reaction mechanism and (h) voltage profiles of K4Fe(CN)6/C. Reprinted with 
permission from Ref 36. Copyright 2018 John Wiley and Sons. 
 
Although Fe2+/Fe3+-redox-couple-based cathodes with transfer of one electron showed 
promising prospects in PIBs, their capacities were relatively low. As is well known, 
increasing the electron number that is involved in the redox reaction is a good way to 
increase the cathode capacity. In this regard, enhancing the K content in the electrode 
(developing potassium-rich materials) has been proved to be effective. Chen et al. 
synthesized K1.92Fe[Fe(CN)6]0.94·0.5H2O and applied it as a cathode for PIBs [37]. In 
its structure, the N-coordinated Fe was bivalent-Fe rather than trivalent-Fe (Figure 
2.4a), which meant that more than one kind of Fe2+/Fe3+ redox couple could be 
involved in the charge/discharge process. As a result, during the CV testing, two redox 
couples were observed, i.e., the redox peak for low-spin Fe2+/Fe3+ at ~ 4.3/3.95 V and 
the redox peak for high-spin Fe2+/Fe3+ at ~ 3.6/3.4 V (in DEM-based electrolyte) 
(Figure 2.4b). This cathode respectively showed charge and discharge capacity of 170 
mAh g-1 and 128 mAh g-1, which were higher than that of PB. 
Wang et al. reported K2Fe[Fe(CN)6]·2H2O nanocube for aqueous PIBs [38]. They 
reported that all the Fe had a valence of +2 (Figure 2.4c). Two pairs of well-separated 
redox processes appeared in the CV curves. The redox peaks at ~ 0.95/0.8 V should be 
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attributed to the Fe2+/Fe3+ reaction of N-coordinated Fe, and the redox peaks at ~ 
0.4/0.1 V should be assigned to Fe2+/Fe3+ reaction of C-coordinated Fe (Figure 2.4b). 
In addition, there were two obvious plateaus during the discharge process, at ~ 0.8 V 
and 0.2 V [38]. Both the CV results and the discharge curves indicated that this 
cathode stores energy through double one-electron processes. Accordingly, 
K2Fe[Fe(CN)6]·2H2O delivered a relatively high discharge capacity of 140 mAh g-1 at 
200 mA g-1. Even at a high current density of 3 A g-1, the discharge capacity could 
reach 93 mAh g-1. The ex-situ electron energy loss spectroscopy (EELS) spectra of the 
iron cation further verified that all the Fe2+ ions were oxidized to Fe3+ during charging 
and that Fe3+ was reduced to Fe2+ stepwise during discharging (Figure 2.4e). Thus, 
the reaction mechanism of K2Fe[Fe(CN)6]·2H2O can be concluded to take place as in 
Equation (2) [38]: 
K2Fe[Fe(CN)6]·2H2O ↔ KFe[Fe(CN)6]·2H2O + K+ + e-1 
↔ Fe[Fe(CN)6]·2H2O + 2K+ + 2e-1 (2) 
Liu et al. reported another kind of cathode (KFe[Fe(CN)6]0.82·2.87H2O) based on 
development of the Fe2+/Fe3+ redox couple [39]. In this cathode, N-coordinated Fe 
was bivalent and C-coordinated Fe was trivalent, which was different from the 
situation in classical PB (Figure 2.4f). During the first charging, Fe2+ was oxidized to 
Fe3+ in a one-electron process, while all the Fe3+ ions were reduced to Fe2+ during the 
first discharge by the double one-electron processes. During the following cycles, the 
reaction mechanism was involved two pairs of Fe2+/Fe3+ redox. The authors regarded 
the first discharging as an “activation” process, because higher charge capacity was 
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achieved after that [39]. Galvanostatic testing showed that the charge capacity of the 
second cycle was ~ 135 mAh g-1, higher than that in the first charge (~ 95 mAh g-1) 
(Figure 2.4g). Two charge plateaus can be observed in the voltage profiles after the 
first cycle, and the plateaus, which are at ~ 3.3-3.45 V and ~ 3.7-4.1 V can be 
assigned to oxidation of C-coordinated Fe2+ and N-coordinated Fe2+, respectively 
[39]. 
Apart from these K-containing cathodes, K-free Prussian green (FeIII[FeIII (CN)6]) (PG) 
can also be utilized as an intercalation type cathode [40]. Similar to what occurs in in 
PB, in this electrode material, Fe3+ is also bridged by cyanide groups (-C≡N-)- and 
forms an open 3D network for K+ intercalation [40]. During the discharge process, 
both the low-spin Fe3+ (C-coordinated) and high-spin Fe3+ (N-coordinated) were 
reduced to Fe2+ successively, corresponding to the CV peaks located at 3.6 and 3.4 V, 
respectively [41]. Benefiting from such two Fe3+/Fe2+ redox couples (two one-electron 
processes), FeIII[FeIII(CN)6] exhibited the stable discharge capacity of 120 mAh g-1 
with only slight decay during cycling [41]. 
In short, the Fe2+/Fe3+ redox couple-based PBA cathode showed relatively high 
charge/discharge plateau and high capacity, indicating they had promising application 
prospects in PIBs. The Fe2+/Fe3+ redox couple (low-spin, C-coordinated) with 
single-electron transfer, however, cannot provide enough capacity for PIBs. 
Transforming more Fe3+ (high-spin, N-coordinated) to Fe2+ per formula unit in the 
initial materials was an effective approach to improve the capacity. K-rich PBA 
cathodes can provide a Fe2+/Fe3+ redox couple (high-spin and low-spin) with 
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two-electron transfer capability, and therefore, their capacity was obviously higher 
than that of PB. In addition, Prussian green can also provide two types of Fe2+/Fe3+ 
redox couple (low-spin and high-spin), and it showed comparable capacity to that of 
K-rich PBAs cathodes. Structural modification of PB, especially the construction of 




Figure 2.4 (a) CV curves for the second cycle and (b) voltage profile of 
K1.92Fe[Fe(CN)6]0.94·0.5H2O; Reprinted with permission from Ref 37. Copyright 2017 
Royal Society of Chemistry. (c) Structure of K2Fe[Fe(CN)6]·2H2O, and (d) its CV 
curves at different scan rate in aqueous electrolyte and (e) EELS analysis at different 







and Sons. (f) Structural evolution of KFe[Fe(CN)6]0.82·2.87H2O and (g) voltage 
profiles for the first five cycles. Reprinted with permission from Ref 39. Copyright 
2017 Royal Society of Chemistry. 
 
Manganese redox couple 
Mn-based cathode materials have been well studied in LIBs and SIBs due to the 
properties of low cost, high safety, and high theoretical capacity, as well as their 
ecofriendly-synthesized approach [42-44]. It can be deduced that analogous potassium 
manganese compounds may be the possible candidates for PIBs. Vaalma et al. first 
reported a layered birnessite potassium manganese compounds with the formula 
K0.3MnO2 [45]. The layered K0.3MnO2 was composed of two-layered orthorhombic 
unit-cell with space group Ccmm. This kind of crystalline structure can also be 
described as a P2-type structure exhibiting ABBA oxygen packing with transition 
metal ions in octahedral sites and alkali ion in the trigonal prismatic sites. A relatively 
high discharge capacity of 136 mAh g-1 (0.55 K+ per unit formula) was delivered in 
the voltage range of 1.5-4.0 V, although the capacity retention was only ~ 58% after 
50 cycles. Between 2.0-4.0 V, capacity of 100 mAh g-1 was offered, associated with 
0.39 K+ per unit formula, and 73% of the capacity was kept after 50 cycles. The 
cycling stability was enhanced when the voltage window was narrowed down to 
1.5-3.5 V, but meanwhile the capacity decreased to 70 mAh g-1 (0.26 K+ per unit 
formula). Two oxidation plateaus at 3.7 and 3.9 V appeared in 1.5-4.0 V, indicating 
the occurrence of two phase reactions. From their observation, it can be inferred that 
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the potassium reservoir may be undermined when charging to high voltage (extracting 
more potassium). The authors provided two factors: (1) upon K extraction, the 
adjacent oxygen layers induced by the high coulombic repulsion resulted in the 
gliding of octahedra layer; (2) the large volume change causes partial irreversibility. 
The authors did not provide the immediate proof to support their hypothesis, however. 
 
 
Figure 2.5 (a) Riedtveld-refined XRD of P3-K0.5MnO2; (b) Illustration of the P3- 
K0.5MnO2 structure. Reprinted with permission from Ref 46. Copyright 2017 John 
Wiley and Sons. 
 
Kim et al. successfully synthesized a new layered K0.5MnO2 cathode and interpreted 
the mechanism of the structural evolution upon the intercalation/de-intercalation of 
potassium [46]. The XRD results showed two phases with space groups R3m and 
Cmcm (Figure 2.5a). The R3m space group was the major phase, related to a P3-type 
layered structure that was defined as a potassium prism and MnO6 octahedra layers 




scan from 1.5-4.2 V revealed two oxidation peaks at ~ 3.7/4.1 V. No obvious 
reduction peaks could be observed as the reaction was not reversed, but when the 
voltage window was 1.5-3.9 V (Figure 2.6c), well-matched oxidation and reduction 
peaks were observed. The results were in accordance with the charge/discharge 
profiles. The first charge/discharge capacity of 93/140 mAh g-1 demonstrated that ~ 
0.39/0.57 K+ was transported between 1.5-4.2 V, and the subsequent capacity 
degradation was unacceptable (47 mAh g-1 after only 20 cycles) (Figure 2.6b). On the 
contrary, ~ 0.22/0.44 K+ were involved in the first charging/discharging process 
corresponding to the capacity of 53/106 mAh g-1 with operation between 1.5-3.9 V 
(Figure 2.6d). Lowering the cut-off charge voltage from 4.2 to 3.9 V resulted in much 
better cycling properties and the retention of the discharge capacity was increased 
from 30% to 76%. To eliminate the kinetic limitation by comparing the cycling 
stability of K0.5MnO2 at room temperature, ex-situ XRD was performed at 45 ºC to 
determine the capacity fading in the high voltage region which was only due to the 
crystalline structure failure of the material. The XRD pattern of after 10 cycles 
K0.5MnO2 showed that a majority of the phase either turning into amorphous form or 
the layers of MnO6 octahedra no longer stacked as ABBCCA. To find out the 
potassium storage mechanism of K0.5MnO2, in-situ XRD was used (Figure 2.6e), 
where the XRD patterns of the electrode were sequentially collected during its 
charging and discharging in a customized cell. Upon K extraction/insertion, the (003) 
and (006) peaks shifted to lower/higher angles implying c-axis expansion/contraction, 
respectively. The evolution of the crystalline structure upon K extraction can be 
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described briefly as P3→two-phase reaction→O3→two-phase reaction→X (O3, 
stacking in the order of ABCABC; X, a new phase at high state of charge as author 




Figure 2.6 (a, c) CV curve of P3-K0.5MnO2 at a scanning rate of 0.03 mV s-1, from 
1.5-4.2 V and 1.5-3.9 V, respectively; (b, d) Charge/discharge profile of P3-K0.5MnO2 
at 5 mA g-1; from 1.5-4.2 V and 1.5-3.9 V, respectively; (e) In-situ XRD pattern of 
taken for 2 h scanning rate per pattern upon the typical charge/discharge profile of 
P3-K0.5MnO2 at a current rate of 2 mA g-1 with the voltage range between 1.5-3.9 V. 








To date, the existing published reports on Mn-based cathode materials for PIBs are 
mainly layered compounds, related to the redox couple of Mn3+/Mn4+. The valence 
states of Mn in KxMnO2 include both trivalent and tetravalent states, and their ratio is 
determined by the initial K concentration and distribution (K+/vacancy ordering) 
between octahedral manganese slabs. Despite improvements of electrochemical 
performance that have already been made, both the capacity and the cycling stability 
of PIBs are still not competitive to that of LIBs and SIBs. Nevertheless, the reaction 
mechanism of Mn-based cathode materials in both LIBs and SIBs is quite 
complicated. Some notable phenomena in LIBs and SIBs, such as layered-to-spinel 
phase transition and manganese dissolution due to the Jahn-Teller effect [42, 44, 47], 
have been well studied, whereas no research progress has been made on these in PIBs. 
We cannot explicitly determine whether the same phenomenon will also have a 
substantive effect on PIBs. More attention is required from researchers for this 
mysterious region to be unveiled. 
Cobalt redox couple 
Co-based cathode materials play a significant role in the development of alkali ion 
batteries. LixCoO2 was the original cathode that used in the earliest commercialized 
LIBs. With the oxidizing power of the Co3+/Co4+ redox pair, the open circuit voltage 
for LixCoO2 can reach up to 4-5V and the operating voltage can be stable at ~ 3.7 V 
[12]. Pioneering research on the Co-based cathode materials have been done in LIBs 
and SIBs which inspired us to put effort into its application in PIBs [48,49]. 
Ceder et al. reported a P2-type K0.6CoO2 as cathode for PIBs [50]. The crystal 
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structure was determined as hexagonal symmetry with space group P63/mmc (Shown 
in Figure 2.7a, b). An average voltage of ~ 2.7 V with the initial charge capacity of 
62 mAh g-1 and discharge capacity of 80 mAh g-1 was observed at 2 mA g-1 from 1.7 
to 4.0 V. During the first charge process, 0.27 K+ was extracted, and 0.41 K+ was 
inserted back into the host in the subsequent discharge process (Figure 2.7c). The 
results were further confirmed by shifting of the peaks via in-situ XRD during cycling. 
The (008) peak clearly shifted to a lower angle while charging, indicating that the 
expansion along the c-axis. It appeared mainly because Coulomb repulsion between 
oxygen atoms grew as a result of the extraction of K+ [51-53]. Several 
phase-transitions were also detected from the in-situ XRD patterns, which the authors 
referred to as K+/vacancy ordering. They also refreshed the potassium metal anode 
and electrolyte after the cathode had been cycled over 120 times. The capacity was 
recovered, implying that the capacity fading may be due to the severe side reactions of 





Figure 2.7 (a) The XRD pattern of P2-type K0.6CoO2 with SEM image inserted; (b) 
Schematic structure of P2-type K0.6CoO2; (c) Charge/discharge profile of P2-type 
K0.6CoO2 at a current rate of 2 mA g-1, 1.7-4.0 V (inset: i, derivative curve of the 
second cycle and ii, Enlarged charge/discharge curves with K content between 0.5 and 
0.65. Reprinted with permission from Ref 50. Copyright 2017 John Wiley and Sons. 
 
Komaba et al. synthesized P2-K0.41CoO2 (P63/mmc) and accurately demarcated the 
oxidation/reduction peaks and the related phase transitions [54]. The reversible 
capacity of P2-K0.41CoO2 was 60 mAh g-1, lower than that previously reported by 
Ceder’s group, because of the lower initial content of potassium. The content of K in 
the P2-K0.41CoO2 varied between 0.23 and 0.47 during cycling. Operando XRD which 
shares the same working principles as in-situ XRD showed the same changes along 





a-axis (Co-Co distance) was increased owning to the reduction reaction of Co4+/Co3+. 
The reduction plateaus at 3.10, 2.59, 2.55, 2.42, and 2.33 V were assigned to a 
two-phase reaction, respectively. Six single-phase regions were denoted as shown in 
Figure 2.8a, b. Both Komaba’s and Ceder’s results confirmed that the P2 structure 
persisted during K insertion/extraction.  
It is worth mentioning that the above work from Ceder’s and Komaba’s group is more 
focused on the K-storage mechanism of the material itself. Better electrochemical 
performance of Co-based cathode materials [55] was achieved by Wang et al. They 
reported a similar P2-type layered hexagonal structure of K0.6CoO2, which has space 
group P63/mmc and a unique hierarchical morphology constructed from primary 
nanoplates. At 40 mA g-1 and within the voltage window of 1.7-4.0 V, the materials 
showed an initial capacity of ~ 74 mAh g-1. It maintained ~ 64 mAh g-1 after 300 
cycles, and only 0.04% capacity was lost per cycle. The authors gave the credit to this 
unique structure, which significantly boosted the kinetics of potassium transport. 
 
 
Figure 2.8 (a) Operando XRD patterns of P2-K0.41CoO2 upon potassium intercalation 




dinterslab and neighboring Co-Co distance as a function of x in KxCoO2. In the upper 
panel of (b), arrows denote six voltage jumps without any apparent change of any 
diffraction lines. Reprinted with permission from Ref 54. Copyright 2017 Royal 
Society of Chemistry. 
 
Indeed, Co-based cathode was widely used in alkali ion batteries, but the high cost 
and toxicity forced the researchers to find a better alternative. As a transition metal, 
however, Co also has multiple valences [56], and can be used as a dopant to modify 
other potassium transition metal oxide cathodes, such as by replacing the Jahn-Teller 
active Mn3+ ion by Co3+ [57]. 
Vanadium redox couple 
Compared with other transition metal-based (such as Fe, Mn, Co etc.) materials, 
V-based PIB cathodes showed higher K+ insertion/extraction voltage plateaus [58-60]. 
Therefore, V-based materials represent another kind of promising candidate for PIBs. 
Nikitina et al. investigated the K+ storage behaviors of KVPO4F and found that all the 
charge and discharge peaks were higher than 4 V [58]. Komaba et al. synthesized 
KVPO4F nanoparticles and studied their electrochemical performance [61]. The 
structure of KVPO4F made up of VO6 octahedra and covalently-bonded PO4 
tetrahedra, is an open framework advantageous for K+ diffusion, and the VO4F2 units 
are connected each other via the F in VO4F2 (Figure 2.9a). During the charging 
process, K+ was extracted from the structure with voltage plateau above 4 V. 0.8 K+ 
was extracted from KVPO4F when it was charged to 4.8 V and the capacity was 
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around 105 mAh g-1. During the discharging, the average voltage was 4.02 V and the 
capacity was only ~ 75 mAh g-1 (Figure 2.9b). When charged to higher voltage (5 V), 
more K+ was extracted from KVPO4F and it delivered a relatively higher capacity 
(Figure 2.9c). The charging reaction mechanism was the oxidation process 
transforming V3+ to V4+. The authors also claimed that two kinds of K in the structure 
(K1 and K2) were simultaneously extracted during the charging [61]. Pyo et al. 
selected KVP2O7 as a high-energy cathode with satisfactory voltage plateaus [59]. 
During the charging, KVP2O7 was oxidized to K0.4VP2O7, and the structure was 
changed from a monoclinic to triclinic structure (Figure 2.9d, e). The charging 
mechanism was concluded to involve the V3+/V4+ redox couple. The authors founded 
that KVP2O7 delivered better electrochemical performance at 50 ºC (Figure 2.9f). The 
average charging plateau and discharging plateau were as high as ~ 4.6 V and ~ 4.3 V, 
respectively (Figure 2.9f). The discharge capacity was limited, however, to only 60 
mAh g-1 at 0.25 C [59].  
Although the above V3+/V4+ redox couple cathodes exhibited a high voltage plateau, 
their limited capacity hinders their further application. In order to improve the 
capacity of V-based cathodes materials, Zhang et al. developed a potassium-rich 
active material, K3V2(PO4)2F3 [62]. During the charging, two K+ ions were extracted 
from the structure, and K3V2(PO4)2F3 was oxidized to KV2(PO4)2F3, corresponding to 
two V3+→V4+ reactions (Figure 2.9g) [62]. These two redox reactions contributed to 
an initial charge capacity of ~ 130 mAh g-1 and discharge capacity of ~ 104 mAh g-1 
at 10 mA g-1 (Figure 2.9h). After the first cycle, these materials can deliver a stable 
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discharge capacity of over 100 mAh g-1. The discharge plateaus were relatively low, 
however: one was at ~ 4.3 V, and the other was at ~ 3.4 V. 
 
 
Figure 2.9 (a) XRD pattern and structure of KVPO4F; (b) and (c) Charge-discharge 
curves of KVPO4F at different voltage window; Reprinted with permission from Ref 
61. Copyright 2017 Royal Society of Chemistry. (d) XRD pattern and a monoclinic 
structure for KVP2O7; (e) XRD pattern and a triclinic for K1-xVP2O7 (x≈0.6); (f) 
Charge-discharge curves of KVP2O7; Reprinted with permission from Ref 59. 
Copyright 2018 John Wiley and Sons. (g) K+ insertion and extraction along with the 
phase transformation of K3V2(PO4)2F3, where VO4F2 octahedral and PO4 tetrahedral 
were labeled in blue and purple, K atoms were in cyan and white part indicated 
vacancies, respectively; (h) Rate performance of of K3V2(PO4)2F3 and the 
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In addition to the V3+/V4+ redox couple, active materials that store energy based on the 
V4+/V5+ redox couple were also reported. Based on KVPO4F, Komaba et al. further 
synthesized KVOPO4 and applied it as cathode materials [61]. Similar to the structure 
of KVPO4F, KVOPO4 was made up of VO6 octahedra and covalently-bonded PO4 
tetrahedra, in which the VO6 units were connected with each other via the O in VO6, 
and there were also two kinds of K in this structure (K1 and K2) (Figure 2.10a). 
Charge/discharge curves showed that this cathode delivered more than one plateau 
during charging (Figure 2.10b), and the dQ/dV curves indicated that there were two 
anodic/cathodic peaks at 4.21/4.13 and 4.34/4.26 V for KVOPO4, suggesting a 
multi-step reaction during charging and discharging. The authors also found that 
unlike KVPO4F, K1 in KVOPO4 was likely to be extracted first from the structure. 
With K extracted from KVPO4F, V4+ was oxidized to V5+. When the charge cut-off 
voltage changed from 4.8 V to 5 V, the reversible charge and discharge were both also 
improved (Figure 2.10c) [61]. Zhu et al. applied K0.48V2O5, a layered oxide, as a 
cathode for PIBs [63]. The K+ ions were located between the layers of V2O5, yielding 
a sandwich structure (Figure 2.10c). During the charging and discharging process, K+ 
were intercalated and de-intercalated within this layered structure. The authors 
calculated that 0.16 K+ was extracted during the initial charging, corresponding to a 
capacity of 20 mAh g-1. Ex-situ XPS analysis proved that part of the V4+ in K0.48V2O5 
was oxidized to V5+ during charging (Figure 2.10d), and this change was reversible in 
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the following cycles. Unfortunately, this cathode showed a relatively low discharge 
plateau (a slop between 3-2.5 V) and limited capacity (about 70 mAh g-1 after 80 
cycles at 20 mA g-1). 
In a brief summary, V-based PIB cathodes store energy based on the V3+/V4+ or 
V4+/V5+ redox couples. Some of the reported materials showed attractive 
charge-discharge voltage plateaus, even higher than 4 V. All these materials suffered 
from low capacity, however, making them difficult prospects for high-energy cathode 
materials. Modification of these high-voltage materials, by such means as doping with 
an appropriate transition metal, would be an effective method to increase the capacity. 
 
 
Figure 2.10 (a) XRD pattern and the structure of KVOPO4; (b) and (c) 
Charge-discharge curves of KVOPO4 at different potential window; (d) Structural 
illustration of K0.48V2O5; (e) Ex-situ XPS analysis of K0.48V2O5 at different reaction 














2.2.2 Multi-Metal redox couple cathodes 
In addition to the oxidizing power of the single-metal redox couple, multi-metal redox 
couples were also investigated in PIBs. In a PBA structure, KxMIII[FeII(CN)6], if the 
MIII (trivalent transition ion) is replaced by MII (bivalent transition ion), the 
accommodation of potassium ions will be increased because more charge carrier ions 
will be involved, resulting in a higher theoretical capacity. For example, Ji et al. 
replaced Fe3+ with various bivalent transition metals (Fe, Cu, Co and Ni) in PW 
(Prussian white) [64]. The obtained FeFe-PW (K2Fe[Fe(CN)6]) delivered more than 
one redox couple, at 3.55/3.26V and 4.16/3.91V. The reversible capacity is ~ 110 
mAh g-1, higher than the classical PB value of ~ 78 mAh g-1. The CoFe-PW 
(K2Co[Fe(CN)6]), NiFe-PW (K2Ni[Fe(CN)6]), CuFe-PW (K2Cu[Fe(CN)6]) showed 
only one redox couple, however, and their electrochemical performance was far from 
adequate, even lower than that of the classic PB. This indicated the significance of 
selecting suitable bivalent transition metal ions towards better performance. 
Some recent work has proved that Mn2+ would be a better alternative candidate. Lee 
et al. synthesized a potassium-enriched Fe/Mn-based PBA with the formula is 
K1.6Mn[Fe(CN)6]0.96·0.27H2O [65]. Two pairs of redox peaks at 4.12/3.69 V and 
4.25/3.93 V appeared during CV tests, which were related to Fe2+/Fe3+ and Mn2+/Mn3+, 
respectively. This Fe/Mn-based PBA delivered a higher initial capacity of ~ 125 mAh 
g-1(as shown in Figure 2.11a, b). Komaba et al. further increased the content of 
potassium in their Fe/Mn-based PBA, and the chemical formula of their materials was 
determined to be K1.75Mn[Fe(CN)6]0.93·0.16 H2O [66]. This cathode exhibited a 
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discharge capacity of ~ 130 mAh g-1 at 30 mA g-1 after 100 cycles as shown in Figure 
2.11c, d. During the initial cathodic scan in the CV curves, the first reduction peak at 
3.92 V was assigned to Mn3+/ Mn2+, and the second one at 3.81 V was assigned to 
Fe3+/ Fe2+. The enhanced capacity benefited from the K-rich content in the structure. 
To date, the highest potassium content in Fe/Mn-based PBAs [67] was reported by 
Goodenough et al. Based on two pairs of redox couples, the reported cathode 
(K1.89Mn[Fe(CN)6]0.92·0.75H2O) delivered a reversible capacity of 146.2 mAh g-1 at 
0.2 C. Even at 1 C, it still provided a discharge capacity of ~ 80 mAh g-1 after 100 
cycles (Figure 2.11e). 
 
 
Figure 2.11 (a) The first five cycles CV and (b) Charge and discharge profiles at 
different current densities of K1.6Mn[Fe(CN)6]0.96·0.27H2O; Reprinted with 
permission from Ref 65. Copyright 2017 John Wiley and Sons. (c) The first three 
cycles CV and (d) cycle performance of K1.75Mn[Fe(CN)6]0.93·0.16H2O; Reprinted 





galvanostatic charge/discharge profile of K1.89Mn[Fe(CN)6]0.92·0.75H2O cathode 
between 2.5 and 4.6 V at 0.2 C. Reprinted with permission from Ref 67. Copyright 
2017 American Chemical Society. 
 
Besides Fe/Mn-based PBAs, Fe/Mn-based layered oxides have also been investigated 
for PIBs. Mai et al. reported interconnected K0.7Mn0.5Fe0.5O2 nanowire as cathode for 
PIBs [68]. They applied the galvanostatic intermittent titration technique (GITT) to 
measure the theoretical discharge capacity, which was 220 mAh g-1 corresponding to 
the insertion of ~ 1.06 K+ ions per formula unit. As can be seen in Figure 2.12a, two 
discharge voltage plateaus at 2.20 and 1.88 V were observed, corresponding to 0.12 
and 0.11 K+ ions insertions, respectively. More detailed research on the reaction 
mechanism in Fe/Mn-based layered oxides was recently published by Wang et al. [69]. 
As shown in Figure 2.12b, c, two oxidation peaks at 2.30/2.74 V and two reduction 
peaks at 1.87/2.45 V were observed and can be attributed to the low-spin Mn3+/Mn4+ 
redox pair. In the higher voltage region, the oxidation peak of 4.02 V and reduction 
peak of 3.80 V correspond to the high spin Fe3+/Fe4+ redox pair. The charge/discharge 
profiles are well consistent with the corresponding CV curves. Overpotential was 
clearly observed at the initial charge, however, owing to the high internal stress/strain. 
In addition, a more sloping potential plateau was presented in PIBs compared to those 
for Li-ion and Na-ions.  
Inspired by ternary cathode materials for LIBs and SIBs, Wang et al. developed a 
ternary cathode, K0.67Ni0.17Co0.17Mn0.66O2, and applied it in PIBs [70]. The ternary 
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cathode material was synthesized via the solid-state reaction method and the authors 
found that when the calcining temperature was 850 ºC, the material showed the best 
electrochemical performance, presenting a capacity retention of 87% (~ 66 mAh g-1) 
after 100 cycles at 20 mA g-1. Two redox couples appeared in the CV curve (Figure 
2.12d) at 2.31/2.53 V and 3.45/3.81 V, which represented the reaction of Mn3+/Mn4+ 
and Ni3+/Ni4+, respectively. However, the redox reaction of Co was not mentioned. 
More details of the reaction mechanism still need to be investigated. 
It was demonstrated that introducing multi-metal redox couples into cathode materials 
for LIBs and SIBs was effective to enhance the capacity. Looking at the existing 
research work, however, we cannot confidently claim that the current cathode 
materials with multi-redox couples can meet the requirement of PIBs, but they are still 
very promising and deserve more exploration. 
 
 





from Ref 68. Copyright 2017 American Chemical Society. (b) CV curves and (c) 
charge-discharge curves of K0.65Fe0.5Mn0.5O2 microspheres; Reprinted with 
permission from Ref 62. Copyright 2018 John Wiley and Sons. (d) CV curves of 
K0.67Ni0.17Co0.17Mn0.66O2. Reprinted with permission from Ref 70. Copyright 2017 
Elsevier B.V. 
2.2.3 Other cathodes 
Besides the aforementioned K-containing materials, several K-free cathode materials 
have also been reported due to their unique potassium intercalation/de-intercalation 
mechanism.  
For example, organic cathode materials show a promising potential due to their low 
cost and environmental friendliness, as well as their impressive electrochemical 
performance. The advantage of this kind of electrode is the fact that organic crystals 
usually have larger interlayer spacing as they are held together by van der Waals force 
instead of ionic or covalent bonding.  
The first work of organic cathode material for PIBs was reported by Ji et al., who 
investigated the K+ storage behaviour of perylene tetracarboxylic dianhydride 
(PTCDA) [71]. PTCDA delivered a reversible capacity of 131 mAh g-1 within 1.5-3.5 
V, and showed two discharge plateaus at around 2.4 and 2.2 V, and three charge 
plateaus at around 2.7, 2.9, and 3.2 V in the first cycle. The possible reaction 
mechanism of PTCDA was proposed, as show in Figure 2.13a, b. When PTCDA was 
used as cathode in the voltage window of 1.5-3.5 V, potassium enolates formed 
owning to the reaction between potassium ions and carbonyl groups (2 K+ per unit). In 
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addition, Ji and Hu et al. employed ex-situ XRD and ex-situ infrared spectroscopy to 
further understand the potassium storage mechanism of PTCDA [72].  
As mentioned by Ji et al., the organic crystals were formed by π-π aromatic stacking, 
and hence exhibited low solubility in non-aqueous electrolytes. The solubility is one 
of the issues that lead to poor cyclability. In order to eliminate this problem, Xu et al. 
introduced the polar functional group -SO3Na into anthraquinone (AQ), and 
synthesized anthraquinone-1,5-disulfonic acid sodium salt (AQDS) [73]. This active 
material showed two reversible redox pairs at 1.53/1.90 and 1.96/2.14V, and provided 
a relatively stable capacity of 78 mAh g-1 after 100 cycles. Another conspicuous 
feature of the organic cathode materials is their artificially designable molecular 
constitution, which means that the redox potential can be tailored. For example, 
artificially designed poly (anthraquinonyl sulfide) (PAQS) showed two reversible 
redox pairs at 1.87/2.37 and 1.45/1.94 V [74]. Moreover, a high reversible capacity of 
190 mAh g-1 (84% of PAQS’s theoretical capacity) was delivered at 20 mA g-1 
between 1.5-3.4 V. Chen et al. comprehensively studied a class of oxocarbon salts 
with an adjustable organic framework (M2(CO)n, M= Li, Na, K, n= 4, 5, 6) for LIBs, 
SIBs, and PIBs, respectively (shown in Figure 2.13c) [75]. The operating voltage of 
the oxocarbon salts increased from four- to five-, and six-membered ring salts [76]. 
The discharge/charge curves of M/M2C4O4, M/M2C5O5, and M/M2C6O6 (M= Li, Na, 
and K) (Figure 2.13d, e, and f) clearly demonstrated that the redox potential can be 
tailored by adjusting the structure. In the case of six-membered rings, four alkali metal 
ions, instead of two, can be reversibly inserted into the organic framework. 
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Interestingly, when the alkali metal ion was K+, much better high rate performance 
and cyclability could be achieved. This material exhibited a high capacity of 164 mAh 
g-1 at the high current density of 10 C, which is close to 80% of the capacity at 0.2 C 
(212 mAh g-1). From CV curves (Figure 2.13g), two redox pairs at 2.4/1.2 and 2.8/1.3 
V were observed. In this work, they also mentioned that organic cathode materials 
have good prospects in PIBs due to the generalizability of the rapid potassium ion 
insertion kinetics. Organic cathode materials deserve more study, although there are 
some existing demerits such as poor conductivity, thermal instability, and the 
possibility of dissolving in electrolyte. 
 
 
Figure 2.13 (a) Selected part of schematic for the proposed electrochemical reaction 
mechanism of PTCDA in PIBs; (b) CV curves of the PTCDA electrode scanned at 0.2 
mV s-1 within the voltage of 1.5-3.5 V; Reprinted with permission from Ref 71. 




d e f g
42 
 
designed oxocarbon salts; (d, e, f) charge/discharge profile of K/K2C4O4, K/K2C5O5, 
and K/K2C6O6 at a current density of 40 mA g-1 within different voltage ranges, 
respectively; (g) CV curve of K/K2C6O6 battery at different scan rate. Reprinted with 
permission from Ref 75. Copyright 2018 John Wiley and Sons. 
 
In addition to the organic cathode materials, several interesting inorganic cathode 
materials were also introduced. Recham et al. reported a polymorph (FeSO4F) with 
large and empty channels for the alkali ion (Li, Na, and K) insertion reaction [77]. The 
structure of the host consisted of chains of FeSO4F2 octahedra which were connected 
through their vertices via F atoms. They tested its ability to accommodate cations in 
LIBs, SIBs, and PIBs, and found that 0.9 Li+, 0.85 Na+, and 0.8 K+ could be reversibly 
taken in per unit formula. Furthermore, as shown in Figure 2.14a, FeSO4F exhibited 
the highest redox potential of 3.6 V in PIBs comparing to those in LIBs (3.3 V) and 
SIBs (3.4 V). 
Amorphous iron phosphate was also capable of storing electrical energy through the 
insertion reaction [78]. With short-range ordering, this FePO4 amorphous host can 
accommodate various alkali ions regardless of their sizes. (Figure 2.14b). FePO4 
cathode performed well in a potassium half-cell and a 150 mAh g-1 was delivered at 
the operating voltages of 2.5 V. Pyo et al. reported a P’3-Na0.52CrO2 that could be a 
feasible cathode for PIBs [79]. The initial material was O3-NaCrO2, but after the first 
charge, the phase changed to O3-Na0.52CrO2 giving it potassium storage capability. 
Upon subsequent K insertion/extraction, the phase reversibly transitioned between 
43 
 
monophasic Na0.52CrO2 and biphasic (O3-Na0.52CrO2 and P3-K0.3Na0.17CrO2), 
delivered a capacity of 88 mAh g-1 with the discharge voltage of 2.95 V. Another 
sodium layered oxide investigated as a potassium ion host is P2-Na0.84CoO2, which 
could deliver a reversible capacity of 82 mA g-1 [80]. Within the first 20 cycles, the 
initial Na0.84CoO2 was fully converted into Na0.34K0.5CoO2 which showed reversible 
potassium ion deinsertion/insertion behaviour. 
 
 
Figure 2.14 (a) Electrochemical behavior of FeSO4F :(1) vs. Li, (2) vs. Na, and (3) vs. 
K, the current rate was C/20; Reprinted with permission from Ref 77. Copyright 2012 
American Chemical Society. (b) Schematic representation of alkali-ion insertion in 
amorphous electrode hosts (FeSO4). Reprinted with permission from Ref 78. 
Copyright 2014 Springer Nature. 
 
In addition, the traditional cathode material TiS2 hs been well-studied in LIBs and 
SIBs [81, 82]. Nevertheless, its electrochemical performance as cathode for PIBs is 
not very promising due to the large size of K ions, which induces irreversible 
structural changes and poor kinetics. Tian et al. [83] reported that the poor 




Compared to the bulk TiS2, the pre-potassiated K0.25TiS2 shows reduced domain size 
of the crystal, which modifies the phase transitions and allows more facile ion 
insertion kinetics, hence leading to improved Coulombic efficiency, rate capability, 
and cycling stability. Moreover, K0.25TiS2 delivered an initial discharge capacity of 
145 mAh g-1 at 0.1 C from 1.0 to 3.0 V. Wang et al. [84] found another way to 
improve the electrochemical properties of TiS2 in PIBs by altering the electrolyte 
solvent. By using ether-based electrolyte to replace ester-based electrolyte, TiS2 
cathode showed a capacity of 80 mAh g-1 at 20 C and the capacity retention was 79% 
after 600 cycles in the working voltage range of 1.5 to 3.0 V. The enhancement can be 
attributed to the ether electrolyte, which provides better kinetics in the charge transfer 
rate and apparent K cation diffusion coefficient. 
These materials with different potassium storage mechanisms have broadened our 
horizon for designing novel cathode materials, but high potassium content in the 
initial materials should be developed as well. 
2.2.4 Strategies to improve electrochemical performance 
For a specific cathode material, in addition to studying its K-storage mechanism, 
improving its electrochemical performance is also important. There are several 
strategies that have been reported with the aim of promoting the performance of 
cathode materials in PIBs. Increasing the degree of crystallinity of PBs was proved to 
be an effective strategy to promote better performance (especially cyclability). For 
example, Cui et al. developed highly crystalline PBs for aqueous PIBs [85,86]. By 
replacing Fe2+ with Cu2+, K0.71Cu[Fe(CN)6]0.72·3.7H2O was constructed (Figure 
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2.15a), which has a much higher degree of crystallinity than that of classic PB 
(Figure 2.15b). Benefiting from such characteristics, the obtained copper 
hexacyanoferrate delivered excellent cycling performance. Even after 40000 cycles, 
the capacity retention remained at 83% with 99.7% coulombic efficiency (Figure 
2.15c) [85]. Similarly, nickel hexacyanoferrate (K0.6Ni1.2Fe(CN)6·3.6H2O) was 
prepared by replacing Fe2+ with Ni2+ (Figure 2.15d), and also showed a higher degree 
of crystallinity than that of PB when the sample was prepared at 70 ºC (Figure 2.15e). 
During the electrochemical testing in aqueous PIBs, the high crystallized nickel 
hexacyanoferrate showed no capacity loss during the first 1000 cycles, and the 
capacity retention was 70% over 5000 cycles [86]. The redox couple for both copper 
hexacyanoferrate and nickel hexacyanoferrate was Fe3+/Fe2+. 
 
 
Figure 2.15 (a) Crystal structure of copper hexacyanoferrate and (b) its XRD patterns 
with comparison of that of PB; (c) Electrochemical performance of copper 
hexacyanoferrate at aqueous systems; Reprinted with permission from Ref 85. 
Copyright 2011 Springer Nature. (d) Crystal structure of nickel hexacyanoferrate and 
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(e) its XRD patterns of samples prepared at different temperature the comparison with 
that of PB; (f) Electrochemical chemical performance of copper hexacyanoferrate at 
aqueous systems. Reprinted with permission from Ref 86. Copyright 2011 American 
Chemical Society. 
 
Carbon materials as a coating layer or matrix for cathodes have greatly improved the 
electrochemical performance in LIBs and SIBs [87-90]. For example, the carbon layer 
coating on the surface of LiFePO4 or Li4Ti5O12 is able to increase the electron 
conductivity and thus improve their cycling and rate performance [87,91]. In addition, 
carbon can help to prevent the aggregation of active materials and thus maintain the 
structural stability. In case of PIB cathodes, carbon materials were also used for the 
same function [92]. Zhang et al. constructed a free-standing reduced graphene 
oxides-Prussian blue-stainless-steel meshes electrodes (RGO@PB@SSM) for PIBs. 
In this electrode, PB nanocubes were attached on the surface of the SSM, and RGO 
films were tightly adhere to each nanocube [93]. The RGO film and SSM skeleton 
showed a close and robust contact with PB nanocube, and highly conductive SSM and 
RGO enabled effective e- transport and avoided the agglomeration and detachment of 
the PB nanocubes (Figure 2.16a, b). Thus, RGO@PB@SSM electrode delivered 
superior electrochemical performance (Figure 2.16c). Xu et al. developed a 3D 
porous K3V2(PO4)3/carbon nanocomposites as PIB cathodes (Figure 2.16d) [94]. In 
this composite, K3V2(PO4)3 nanoparticles uniformly embedded into a carbon matrix 
(Figure 2.16e). The carbon could enhance the electrical conductivity of the 
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K3V2(PO4)3 particles and protect them from aggregation during charge/discharge. As a 
result, relative good capacity retention was achieved (Figure 2.16f). In addition, 
Zarbin et al. synthesized flexible film of single-walled carbon nanotubes (SWCNT) in 
a composite with PB (SWCNT-PB) and a multi-walled carbon nanotubes 
(MWCNT)-PB composite as cathodes for PIBs (Figure 2.16g) [95]. These films were 
employed as cathodes for flexible PIBs, showing reversible capacities of 8.3 mAh 
cm-3 and 2.7 mAh cm-3 for SWCNT/PB and MWCNT/PB, respectively. 
 
 
Figure 2.16 (a) Illustration of the structure of RGO@PB@SSM electrodes; (b) SEM 
image of RGO@PB@SSM; (c) Rate performance of RGO@PB@SSM electrodes and 
reference samples; Reprinted with permission from Ref 94. Copyright 2017 Royal 
Society of Chemistry. (d) SEM image Reprinted with permission from Ref 93. 
Copyright 2017 John Wiley and Sons, and (e) TEM image of K3V2(PO4)3/C 
nanocomposites; (f) Rate performance of K3V2(PO4)3/C; Reprinted with permission 
from Ref 94. Copyright 2017 Royal Society of Chemistry. (g) Carbon nanotube/PB 







In addition to their poor electronic conductivity, some cathode materials also suffered 
from relatively huge volume expansion that induced by K+ insertion/extraction. To 
solve these problems, carbon materials, especially nanocarbons, can be utilized as a 
buffer matrix as well as a conductivity layer. In addition, as in case of LIBs and SIBs, 
nanocarbon materials can also be used as conductive adductives in the electrodes. To 
date, the function of carbon in PIB cathodes have not been fully studied and 
understood, and this will be a research hotpoint in the future. 
Nanostructuring has always been considered as a preferable approach to optimize the 
battery properties of electrode materials. This is because in the nanoscale, the 
distances for the transport alkali ions within the particles are shortened, so that the 
alkali ions reaction kinetics was facilitated; on the other hand, materials on the 
nanoscale possess larger surface area providing more alkali ion storage sites [96, 97]. 
This strategy has been successfully employed to synthesize advanced-preformed 
cathode materials in LIBs and SIBs. Some research work also demonstrated that the 
electrochemical properties of cathode materials for PIBs are enhanced by diminishing 
the particle size to the nanoscale. For example, Nazar et al. synthesized Prussian 
White K1.7Fe[Fe(CN)6]0.9 with three different particle size-scales, i.e., nano, 
submicron, and micron (Figure 2.17a, b, and c) [98]. They found that the particle 
with the size of 20 nm delivered the nearly theoretical capacity of 140 mAh g-1, while 
the particles 160 nm in size delivered a lower capacity of ~ 120 mAh g-1. In contrast, 
the micron-sized particles (1.8 μm) showed a limited capacity. Wang et al. designed a 
unique hierarchical nanostructure, in which the microspheres assembled from 
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aggregated nanoparticles (Figure 2.17d, e) [55]. The synthesized K0.6CoO2 showed a 
very impressive cycling performance comparing with that of irregular K0.6CoO2. As 
presented in Figure 2.17f, the capacity retention of s-K0.6CoO2 (hierarchical-structural 
K0.6CoO2) was 87% after 300 cycles at 40 mA g-1, while i-K0.6CoO2 (irregular 
K0.6CoO2) could only preserve 50% of its capacity over 100 cycles. They also 
synthesized another cathode material K0.65Mn0.5Fe0.5O2 with enhanced potassium 
storage capability in the same hierarchical-structures [69]. Moreover, Mai et al. 
constructed a three-dimensional network consisting of one-dimensional nanowires, in 
which K0.65Mn0.5Fe0.5O2 nanoparticle were uniformly distributed (Figure 2.17g) [68]. 
The stable framework built on a nanostructure offered fast potassium ion diffusion 
paths and high electronic conductivity, resulting in an initial capacity of 178 mAh g-1 
and 125 mAh g-1 after 45 cycles at 20 mA g-1 (Figure 2.17h). 
 
Figure 2.17 (a, b, and c) TEM images of nano-, submicrion- and micron-sized 
K1.7Fe[Fe(CN)6]0.9, respectively; Reprinted with permission from Ref 98. Copyright 
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2017 American Chemical Society. (d, e) SEM images of P2-type K0.6CoO2 
microspheres with high and low resolution, respectively; (f) Long cycle performance 
of s-K0.6CoO2 and i- K0.6CoO2 at a current density of 40 mA g-1; Reprinted with 
permission from Ref 55. Copyright 2018 American Chemical Society. (g) Schematic 
illustrations of the interconnected K0.7Fe0.5Mn0.5O2 nanowires; (h) Rate performance 
of the interconnected K0.7Fe0.5Mn0.5O2 nanowires. Reprinted with permission from 
Ref 68. Copyright 2017 American Chemical Society. 
 
Although there are multiple advantages of nanostructured materials, the drawbacks 
are still not negligible: (1) the higher contact area of nanomaterials brings about more 
severe side reactions with the electrolyte leading to the consumption of electrolyte and 
low Coulombic efficiency; (2) nanomaterials have lower tap density thus reducing the 
volumetric energy density of energy storage devices. When designing cathode 
materials with elaborate and functional nanostructures, the above aspects should be 
considered. 
2.2.5 Comparison of main cathode materials 
To comparatively study the electrochemical properties of the main cathode materials, 
we summarize their average working potentials, charge/discharge capacities, and 
cycling performance as shown in Figure 2.18 and Table 2.1. It can be easily observed 
that V-based materials possess the highest redox potentials but have relatively low 
capacities. Prussian blue and its analogues offer the best lifespan and acceptable 
capacity through the redox couple of Fe2+/Fe3+. Nonetheless, PB and PBAs can easily 
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contain crystal water due to the low temperature solution synthesis routes, which may 
decrease the capacity and increase the side reactions, and thus affect the 
electrochemical performance. Although Mn- and Co-based materials with layered 
crystalline structure have been widely used in LIBs and SIBs, as the cathode materials 
for PIBs, the available results can hardly support their use in practical applications. 
Co-based cathode materials exhibit higher redox potential than for Mn-based cathode 
materials. Considering the cost and environmental issue of cobalt, however, it is more 
important to invest effort on the research on Mn-based materials because of their 
higher theoretical capacity, easier synthesis route, lower cost, and more eco-friendly. 
It is also worth mentioning that by introducing other redox couples such as Fe3+/Fe4+ 
into the Mn-based redox reaction, better electrochemical properties can be achieved, 
indicating ongoing positive effectiveness. Moreover, improving the physical 
properties of the materials such as their conductivity, morphological structure etc. will 
be also helpful to lift their electrochemical performances. Most importantly, we need 
to find better ideas from the research of LIBs/SIBs and demonstrate them to be 





Figure 2.18 Comparison of Reversible capacity and Average voltage of the reported 







































PB 3.75 2.6-4.2 500 78/69 8.7 





3.25 2-4 50 78/75 50 
0.8 M KPF6 in 
EC/DEC 
PVDF [35] 
K4Fe(CN)6 3.56 2-3.8 400 65.5/48.8 20 





3.3 2-4.3 200 86/123 13 0.05 M KClO4/PC PVDF [37] 
KFe[Fe(CN)6]0.82·
2.87H2O 
3.3 2-4.5 1000 90.7/73 100 





3.25 2-4.5 100 110.5/90.4 20 






3.2 2-4.6 300 118/71 100 
0.5M KPF6 in 
EC/DEC+5% FEC 
PVDF [98] 
RGO@PB@SSM 3.25 2-4 305 84/61.4 50 




FeFe(CN)6 3.2 1.5-4 100 121/117 62.5 














K0.3MnO2 2.5 1.5-3.5 685 70/40 27.9 
1.5 M KFSI in 
EC/DMC 
PVDF [45] 
K0.5MnO2 2.5 1.5-3.9 20 106/81 5 











 K0.6CoO2 2.75 1.7-4 120 59/36 100 
0.7 M KPF6 in 
EC/DEC 
PTFE [50] 
K0.6CoO2 2.75 1.7-4 100 74/65 40 










KVPO4F 4 2-4.8 50 70(2
nd cycle)/68 C/20 
0.7 M KFSI in 
EC/DEC 
PVDF [61] 
KVP2O7 4.4 2-5 100 60/48 0.25 C 
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PVDF [59] 
K3V2(PO4)2F3 3.5 2-4.6 100 101/97 10 










KVOPO4 4.2 2-4.8 50 68/72 C/20 
0.7 M KFSI in 
EC/DEC 
PVDF [61] 
K0.5V2O5 2.5 1.5-3.8 80 86/72 20 
1.5 M KFSI in 
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CMC [63] 
K3V2(PO4)3/C 3.6 2.5-4.3 100 54/52 20 
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K0.7Fe0.5Mn0.5O2 1.9 1.5-4 70 114/101 100 
0.8 KPF6 in 
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PVDF [68] 
K0.65Fe0.5Mn0.5O2 2 1.5-4.2 300 97/77 100 
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2.3 Anode Materials 
In a non-aqueous electrolyte secondary ion battery, the anode materials usually 
determine the service life and safety of the battery. Many studies on anode materials 
for PIBs has been reported, including carbon-based materials, alloying-based 
materials, and other types of anode materials such as organic anodes and metal 
oxides/sulfides. 
2.3.1 Carbon-based anode 
Graphite anode 
Graphite was first introduced as anode for PIBs in 2015. Ji’s and Komaba’s groups 
reported their findings on graphite anode for PIBs at nearly the same time [14, 16]. 
The electrochemical potassiation of graphite in a non-aqueous electrolyte was 
reported for the first time by Ji et al. A high capacity of 273 mAh g-1 was delivered in 
electrochemical cells at C/40, but their capacity suffered from dramatic fading at high 
rates. A rather detailed analysis of the potassium storage mechanism was also 
presented via the help of ex situ XRD. Ji et al. selected certain states of charge in the 
first charge/discharge cycle. In Figure 2.19, upon the potassiation/depotassiation of 
graphite, a potassium intercalation/deintercalation reaction woccurred with the 
successive formation of KC36 ↔ KC24 ↔ KC8. A similar but brief conclusion was 
drawn in the Komaba group’s report. A further comparison of the performance of 
graphite with different binders was made, and they pointed out that PANa and 
CMCNa delivered a higher initial efficiency than PVDF (Figure 2.20). 
The above-mentioned studies are pioneering works that mainly focused on the 
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fundamentals. Improvements on the electrochemical performance of graphite anode 
were later reported. Ji et al. proposed a polynanocrystalline graphite that has 
disordered structure on the nanometric scale but strict order on the atomic scale. It 
exhibited a capacity retention of 50% after being cycled over 240 times [99]. 
Activated carbon made by etching graphite has an enlarged d-spacing in the (100) 
crystal planes of 0.335 nm. It delivered a promising rate capability, 100 mAh g-1 after 
100 cycles at the high rate of 0.2 A g-1 [100]. An outstanding depotassiation capacity 
of 175 mAh g-1 at 35 C (~10 A g-1) was achieved by highly graphitic carbon 
nanocages (Figure 2.21) [101]. The interconnected structure and the hybrid potassium 
storage mechanism, owing to the unique architecture of the nanocages, contributed to 





Figure 2.19 (a) First charge/discharge profiles at C/10. (b) Ex situ XRD patterns of 
electrodes for discharge to the points indicated in (a). (c) Structural diagrams of 
different potassium-graphite intercalation compounds, side view (top row) and top 
view (bottom row). Reprinted with permission from Ref 14. Copyright 2015 
American Chemical Society. 
 
 
Figure 2.20 Charge/Discharge profiles of graphite electrode coating on Al foil with (a) 
PVDF, (b) PANa, and (c) CMC binders in electrolyte consisting of 1 M KFSI in 
EC:DEC, and (d) oxidation-rate capability for the PANa electrode. Reprinted with 





Figure 2.21. (a) Retention of the reversible capacity at different rates, which are 
shown in the inset, and (b) voltage profiles at different rates of graphitic carbon 
nanocage electrode. Reprinted with permission from Ref 101. Copyright 2018 John 
Wiley and Sons. 
 
Graphene-based anode 
Luo et al. reported that potassium ions can insert themselves into reduced graphene 
oxide (RGO) film with a relatively higher capacity in 2015 [23]. The three stage 
process of K+ insertion into graphite materials (C → KC24 → KC16 → KC8) was 
further confirmed in RGO film electrodes. Incidentally, with the penetration of 
potassium ions, the optical transparency of RGO film was observably increased from 
29.0% to 84.3% (Figure 2.22). Furthermore, detailed insight into the electrochemical 
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staging for potassium in few layer graphene was provided via in situ Raman 
spectroscopy: a dilute stage one compound above 0.24 V → a transition from a stage 
six at 0.24 V (KC72) to a stage two compound at 0.15 V (KC24) → the formation of a 
stage one (KC8) compound below 0.15 V. This potassium storage procedure in 
graphitic carbon is different from that of sodium in graphitic materials but very much 
alike that of lithium (Figure 2.23) [102]. To improve its unsatisfactory rate 
performance in PIBs, fluorine (F) atom doping into the (002) lattice planes was 
employed to enlarge the interplanar spacing between the graphene layers, which could 
promote potassium ion diffusion and storage due to the enhanced electrochemical 
activity during high-rate electrochemical charging/discharging [F-doped graphene]. In 
addition, nitrogen-doped graphene was also studied with a view to enhancing the 
electrochemical properties of graphene-based anodes for PIBs [103]. The formation of 
vacancies and dangling bonds around the nitrogen defects on the graphene boost the 
low capacity (278 mAh g-1) of the KC8 graphite intercalation compound up to a high 
capacity (350 mAh g-1) that would rival the theoretical capacity of the LiC6 graphite 
intercalation compound (Figure 2.24). The nitrogen dopant sites, as opposed to sp3 
carbon defect sites, not only activate well distributed storage sites in the carbon lattice, 
but also sustain the energetic pathway for the formation of KC8. A similar conclusion 





Figure 2.22. In situ optical measurements of RGO film. (a) Illustration of K+ 
intercalation into a printed RGO film; Photograph and optical microscope images of 
RGO film (b, d) before and (c, e) after K+ intercalation, respectively. Reprinted with 





Figure 2.23. (a) Selected Raman spectra at different states of charge, as indicated in 
the linear sweep voltammogram; (b) Plot of Raman spectra in the range of 0.01 V – 




Figure 2.24. (a) Comparison of theoretical capacity of KC8 (graphite), KC8 (N-doped 
graphene), and LiC6 (graphite); (b) Illustration of the storage of potassium ions on 
nitrogen defects in KC8 (N-doped graphene). Reprinted with permission from Ref 103. 




Other carbon-based anode 
Soft carbon with a less crystalline structure was synthesized by pyrolysis of an 
organic aromatic compound, perylene-3, 4, 9, 10-tetracarboxylic dianhydride. At a 
low current rate (C/40), it exhibited a capacity of 273 mAh g-1, and its high rate 
capability was outstanding compared to graphite [14]. Ji and his group then reported 
the charge/discharge performance of a hard carbon microsphere anode in potassium 
ion batteries vs. sodium ion batteries (SIBs). They showed a high capacity of 262 
mAh g-1 at C/10, and the capacity retention remained at 83% after 100 cycles in PIBs, 
which was lower than the 322 mAh g-1 in SIBs. Hard carbon electrodes may risk 
dendrite formation in SIBs, however. In addition, hard carbon electrodes have much 
better high-rate performance in PIBs compared to SIBs [22]. Later, Ji combined hard 
carbon and soft carbon to form a hard-soft composite carbon as a high rate anode for 
PIBs. The hard carbon acts as a matrix phase with the soft carbon uniformly 
distributed in it (Figure 2.25). This novel design helped to reduce the rapid capacity 
fading of pure soft carbon anode [105]. 
Among these carbon-based anode materials, graphite shows the advantage in energy 
density owning to the lower average working potential, as well as the relatively high 
capacity. Meanwhile the potassium storage mechanism of graphite is intercalation, 
which is similar with that in the typical lithium ion battery. Not to mention that the 
availability of graphite is quite considerable. But on the other hand, the 
graphene-based anode and other carbon-based anode such as soft carbon order a 
different potassium storage mechanism, potassium ion was captured at defect sites. 
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Moreover, the large surface area of these carbon-based anode materials increases the 




Figure 2.25 SEM images of (a) the hard carbon; (b) the soft carbon; (c) the hard-soft 
carbon composite. Reprinted with permission from Ref 105. Copyright 2018 John 
Wiley and Sons. 
 
2.3.2 Alloying-based anode 
Alloying-based materials are another kind of anode that have high energy density and 
superior electrochemical properties. The basic mechanism is the alloying reaction 
between alkali metals and other elements. Kim et al. [11] provided a comparison of 
voltage-composition curves calculated for alkali (A) alloying with some common 





Figure 2.26 Comparison of voltage-composition curves calculated for alkali (A) 
alloying with different elements (M). Reprinted with permission from Ref 11. 
Copyright 2017 John Wiley and Sons. 
 
Tin-based anode 
A tin/carbon composite material for the potassium ion battery was reported that 
operated by the mechanism of alloying/de-alloying [106]. The reversible alloy phases 
of tin that have been used as anodes for Li-ion and Na-ion batteries are Li4.4Sn and 
Na15Sn4, with theoretical capacities of 991 and 845 mAh g-1, respectively. Similar to 
LIBs and SIBs, alloying in the tin component occurs for potassium, and KxSny phases 
are formed during the discharge of half-cells. According to the binary phase diagram, 
a range of phases, such as K2Sn3, K2Sn5, KSn2, and K4Sn23, are possible in the 
potassium-tin system. The reversible specific capacity of tin/carbon composite is 
about 150 mAh g-1 within the voltage range of 0.01-2.00 V vs. K/K+ (Figure 2.27). 
A binary tin-based anode, Sn4P3, was first introduced in 2017, which delivered the 
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high reversible capacity of 384.8 mAh g-1 at the current density of 50 mA g-1 and 
221.9 mAh g-1 at the large current density of 1.0 A g-1 [24]. The reaction of Sn4P3 
during potassiation/depotassiation is described in Figure 2.28. The potassium storage 
mechanism is given in the following equations: 
Sn4P3 + (9-3x)K ↔ 4Sn + 3K3-xP………..(1) 
23Sn + 4K ↔ K4Sn23…………………….(2) 
K4Sn23 + 19K ↔ 23KSn……………...….(3) 
 
Figure 2.27. Electrochemical performance of Sn-C electrode compared with milled 
graphite: (a) cycling performance at 25 mA g-1 within the range of 0.01-2.0 V; (b) the 
corresponding Coulombic efficiency; (c) discharge/charge curves; (d) CV curves at 
the scan rate of 0.05 mV s-1. Reprinted with permission from Ref 106. Copyright 2016 





Figure 2.28 Illustration of the potassium storage mechanism in Sn4P3/C anode. 
Reprinted with permission from Ref 24. Copyright 2017 American Chemical Society. 
 
Antimony-based anode 
Antimony has a relatively low working potential and a high theoretical capacity, and 
therefore, it is a promising candidate as a high energy density anode for PIBs. The 
major issue for antimony anode, however, is the large volume expansion during its 
potassiation, resulting in fast capacity fading. Qian et al. designed a nanoporous 
structure that can accommodate the large volume changes and accelerate ion transport 
[107]. By evaporating zinc metal, which has a low boiling point, and adjusting the 
ratio, the morphology and porosity can be tuned. This anode delivered a capacity of 
560 mAh g-1 at 50 mA g-1 and 265 mAh g-1 at 500 mA g-1 (Figure 2.29). The authors 
summarized the potassiation/depotassiation process by the following equations: 
Sb + xK+ + xe- ↔ KxSb………………………………….(1) 





Figure 2.29 Electrochemical performance of nanoporous antimony and bulk 
antimony anodes. (a) Cycling performances at 100 mA g-1; (b) Rate performances at 
rates from 50 to 500 mA g-1. Reprinted with permission from Ref 107. Copyright 
2018 American Chemical Society. 
 
Bismuth-based anode 
Bismuth, a low cost and nontoxic metal material, has a unique layered crystal 
structure with large interlayer spacing along the c-axis, d(003) = 3.95 Å, which makes 
it very promising as a potential anode material for PIBs [108]. Its potassium storage 
mechanism is also based on its alloying reaction with potassium. The theoretical 
capacity of bismuth anode is 385 mAh g-1. When using the conventional electrolyte 
(1M KPF6 in EC/DEC), the electrode can only function for less than 10 cycles due to 
the unstable SEI layer in KPF6 electrolyte. KFSI was first introduced when measuring 
the electrochemical performance of bismuth anode and the results demonstrated that it 
is a more suitable electrolyte salt for the alloying-based anode. A high reversible 
capacity of 290 mAh g-1 was retained after 50 cycles. Further evidence proved this 





Figure 2.30 Discharge/charge profiles for selected cycles of the bismuth anode in (a) 
KFSI and (b) KPF6 electrolytes; Cycling performance comparison of (c) Sn and (d) Sb 
when using KFSI and KPF6 electrolytes, respectively. Reprinted with permission from 
Ref 108. Copyright 2018 John Wiley and Sons. 
 
2.3.3 Other anode 
Organic anode 
As mentioned above in section 2.2.3, the organic materials also have great potential as 
anodes for PIBs. The large interlayer structure with functional groups such as 
conjugated carboxylate groups provide the potassium storage capability. 
Figure 2.31(a) presents a schematic diagram of the synthesis and potassium storage 
mechanism of dipotassium terephthalate (K2TP), an organic anode for PIBs [109]. 
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K2TP has a layered structure with K+ transport pathways. Due to the synergetic effect 
with 1, 2-dimethoxyethane (DME)-based electrolyte, K2TP exhibited a capacity of 
249 mAh g-1. Even after 500 cycles at the high current density of 1000 mA g-1, the 
capacity retention could remain at 94.6% with the Coulombic efficiency of 100%. 
 
 
Figure 2.31 Schematic diagrams of the synthesis and potassium storage mechanism 
of dipotassium terephthalate (K2TP); (b) Structure of highest occupied molecular 
orbital (HOMO) of K2TP with two negative-charges; and (c) Refined structure of 
K4TP; (d) Charge/discharge profiles of the selected cycles; (e) Rate performance at 
the current densities of 50, 100, 200, 500, 1000, and back to 50 mA g-1. Reprinted 
with permission from Ref 109. Copyright 2017 Royal Society of Chemistry. 
 
Metal sulfide anode 
Metal sulfide anodes, such as CoS, are known as conversion anodes in SIBs. With the 
insertion of sodium, a conversion reaction occurs to form Na2S and Co [110]. CoS can 
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also be used as anode for PIBs [111]. With an optimized structural design, the 
electrochemical performance was notably boosted. The composite consists of CoS 
quantum dots uniformly anchored on graphene nanosheets, which have a large surface 
area and form a highly conductive network (Figure 2.32). The CoS/Graphene 
nanosheets delivered a reversible capacity of 310.8 mAh g-1 after 100 cycles at a high 
current density of 500 mA g-1. 
 
Figure 2.32 Illustration of the synthetic route for CoS/Graphene nanosheets, with the 
insets (a) SEM and (b) TEM images of CoS/Graphene nanosheets. Reprinted with 
permission from Ref 111. Copyright 2017 John Wiley and Sons. 
 
2.3.4 Summary 
Among the above-mentioned anode materials, carbonaceous materials are the major 
candidates for PIBs. Graphite, in particular, has sufficient electrochemical 
performance to meet the basic demands for PIBs to be commercialized, but its 
mediocre cycling stability and low energy density are still problems that need to be 
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solved. Graphene-based anodes, such as reduced graphene oxide or N-doped graphene, 
deliver higher energy density or even higher theoretical capacity, but the production 
cost of this type of anode materials is far too high. Regarding the development of 
carbonaceous materials that towards its practical use, more attention should be paid on 
boosting the initial Coulombic efficiency to avoid the irreversible consummation of 
cathode. 
Due to the large volume expansion during the charge/discharge process, 
alloying-based anodes are not favored as anode candidates for PIBs, although these 
materials have relatively higher theoretical capacity than graphite and suitable 
working potentials. For example, antimony has a high theoretical capacity (660 mAh 
g-1) and low electrochemical reaction potential, while bismuth has a nontoxic nature 
and a very stable working voltage platform. Both of them have the properties that 
would make them promising candidates as anodes for PIBs, so they deserve more 
attention from researchers. With the proper structural design and electrolyte 
optimization, the volume expansion problem can be solved. Therefore, alloy-based 




2.4 Potassium-ion full cells 
With the outcomes of research on cathode materials for PIBs blooming, the demands 
of assessing their practicabilities are crucial. For this purpose, the materials should be 
assembled and tested in full-cells for evaluating their practicability. Exploration on the 
field of potassium-ion full cells is still in its infancy, however. Until now, there have 
only been a few reports in the literature on the full cell performance of the developed 
cathode materials. We have summarized all the results of their full cell performance 
and drawn the conclusions shown in Figure 2.33 and Table 2.2. The most selected 
matching anodes is carbon-based materials, especially graphite, which is a very 
mature commercialized anode in LIBs and can be used in PIBs, though the binder and 
electrolytes need to be optimized. It is also necessary to state that the 
KPF6/carbonate-based solvent electrolyte appears to be the most used electrolyte for 
potassium-ion full cells. The most eye-catching cycling stability of the potassium-ion 
full cells (using Prussian blue as cathode) was reported by Yan et al., where the 
designed soft package cell could deliver an initial discharge capacity of 80 mA h g−1 
(based on the cathode) with no capacity fading after 60 cycles at a current density of 
50 mA g−1 [112]. To the best of our knowledge, until now the highest energy density 
that has been approached, is ~385 Wh kg-1 (calculated based on the active cathode 
materials [66]). The existing results show a quite promising potential for PIBs, but 
there is still a long way to go to meet the basic requirement of practical application. 
Further exploration is very much needed to develop cathode materials with higher 
capacity, higher redox potential, and longer lifespan, and demonstrate of their 
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performance in full cells to meet the demands of practical applications. 
 
 
Figure 2.33 Comparison of electrochemical performances of the reported full cells 
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2.4 Summary and outlook 
The research interest in potassium-ion batteries (PIBs) has been growing recently. 
Although the PIBs are unlikely to completely replace LIBs in portable electronics or 
electric vehicles where high energy density is a key requirement, but can compete 
with LIBs in stationary energy storage applications due to the low cost and abundance 
of K resources. Also, due to the similarity between PIBs and LIBs/SIBs, the 
knowledge accumulated in LIBs/SIBs research can be used in the investigation of 
PIBs. Owing to the large ionic radius of the K+, however, the most successful 
straightforward approach applied to LIBs/SIBs may not be suitable for PIBs, as many 
specific details such as the structures and K+ intercalation mechanisms are quite 
different. Therefore, detailed investigations on PIBs are very much needed with 
comparison with LIBs/SIBs. Considering the successful intercalation of K+ into 
graphite, the main challenge is to develop suitable cathode materials, which should 
accommodate the complicated electrochemical behaviours and structural evolution 
that occur during the reversible potassiation and depotassiation. 
The energy density is a key parameter for developing PIBs, which is determined by 
the working voltage of electrodes and their specific capacities. The voltage plateaux 
of cathode materials are mainly determined by the cation redox couples. In the case of 
materials based on the same redox couples, they have similar voltage plateaux while 
the specific capacity varies due to different crystal structures and molecular weight. 
We have summarized the reported PIB cathodes that are based on different redox 
couples. PBAs based on Fe2+/Fe3+ redox couples showed a similar charge/discharge 
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plateau at about 3.4 V, and most of them show low capacity. The specific capacity can 
be increased, however, by increasing the content of Fe2+ per formula unit, because 
more electrons can be involved in the charge/discharge process. The K-rich PBAs 
provide two types of Fe2+/Fe3+ redox couples (low spin and high spin), and hence 
offer higher capacity. The presence of crystal water, however, in PBAs may lead to 
occurrence of side reactions and affect the electrochemical performance. The safety 
concern regarding thermal stability during charge and discharge also needs to be 
investigated. Furthermore, the density of PBAs is normally lower compared to the 
layered oxides, which may be another disadvantage regarding the volumetric energy 
density. The application of Co3+/Co4+ and Mn3+/Mn4+ in layered oxides leads to 
limited capacity and a relatively low voltage plateau, which is possibly due to the fact 
that all the reported K containing layered oxides are K-deficient compositions (x<0.7 
in KxMO2). Developing fully potassiated or K-enriched oxides is highly desirable to 
increase the capacity, but may be very difficult since the layered structure may not 
have enough sites or space to accommodate large amount of large K+ ions. V-based 
PIB cathodes store energy based on the V3+/V4+ or V4+/V5+ redox couples and show 
attractive voltage plateaux, even higher than 4 V. Most of the V-based cathodes are 
polyanionic materials, however, which normally suffer from low capacity and poor 
electronic conductivity. Clearly, most of the reported cathode materials have their 
advantages and disadvantages. We could use their advantage by considering the 
different applications. As for the disadvantages, we could probably overcome them 
through materials innovation.  
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To achieve a high specific energy, the operating potential or specific capacity of the 
cathode materials should be increased, which can be possibly realized by cationic or 
anionic substitution. Introducing multi-metal redox reactions is an effective way to 
enhance the capacity or increase the working potential. Substituting for Fe3+ with 
various di-valent transition metals (e.g. Fe, Cu, Co, Ni and Mn) in PBAs has led to a 
higher specific capacity because more K+ ions can be accommodated. Furthermore, in 
order to enhance the electrochemical performance of the cathode materials in terms of 
energy density, cycling life, and rate capability, materials design strategies such as 
increasing the crystallinity, designing hierarchical nanostructures, and using carbon as 
matrix or for conductivity have all been employed. Increasing the crystallinity may be 
not suitable, however, for all kind of materials. The amorphous FePO4 structure has 
been reported to accommodate K ions very well. Introducing nanostructure could 
facilitate the ion transport, but may bring low tap density and high reactivity with the 
electrolyte. Using carbon may increase the conductivity and buffer the aggregation of 
the materials, but the content and distribution of carbon need to be optimized. In 
addition, more detailed investigation is required to explain the relationship between 
their electrochemical performances and their structural evolution. Moreover, in 
addition to excellent electrochemical performance, the abundance, cost and clean 
nature of the materials are also important. The “winning” materials will be those 
which not only exhibit satisfactory performance, but also that can be produced in a 
large-scale, cost-effective, and clean way.  
In addition to the investigation of active materials, other components such as 
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electrolytes, electrolyte additives, and binders also need to be optimized towards the 
development of practical PIBs. Similar to the existing LIBs and SIBs systems, the 
ideal electrolyte must offer certain characteristics, such as low viscosity, high ionic 
conductivity, a wide potential window, good thermal stability, and low toxicity. It also 
should be conducive to not only for a uniform interface layer between the electrode 
and electrolyte, but also to long and stable voltage output. In addition to the 
experimental investigations, theoretical simulations and calculations will be also 
encouraged to search for new types of electrolyte for high voltage PIBs. Furthermore, 
excellent binders need to be found for both electrodes to maintain their integrity, thus 
promoting long cycle life.  
An additional challenge is whether the strategies suitable to half cells, work in a full 
cell or not. The half-cell setup is a favourite for initial research, as it allows the 
research to only focus on the intrinsic properties of the materials. For practical 
application, the materials should also be demonstrated in full cells. Experiments with 
full cells could help us to collect knowledge, not only on materials engineering, and 
the choices of electrolyte and binder, but also help us achieve a better understanding 
of cost-effective and practical PIBs.  
In this review, we have carefully summarized the most recent progress on cathode 
materials, electrolytes, and binder development for PIBs and discussed their potential 
promises, challenges, and opportunities. Although the research on PIBs is in its 
initiate stages, some prototypes already exhibit good performance, indicating their 
potential for practical use. Developing PIBs relying on similar chemistry to LIBs and 
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using the same production lines in the factory, will lead to high manufacturability and 
minimal investment. Future research should target not only energy density and cycle 
life, but also safety and other parameters to meet the requirement for various 
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Chapter Three Experimental section 
3.1 Chemical list 
Chemicals Formula Purity (%) Supplier 
Graphite C 99.995 Sigma-Aldrich 
Sodium nitrate NaNO3 99.0 Sigma-Aldrich 
Sulphuric acid H2SO4 95.0−98.0 Sigma-Aldrich 
Potassium 
permanganate 
KMnO4 99.0 Sigma-Aldrich 
Hydrogen peroxide 
solution 
H2O2 30.0 Sigma-Aldrich 
Bismuth nitrate 
pentahydrate 
Bi(NO3)3·5H2O 98.0 Sigma-Aldrich 
Potassium 
borohydride 
KBH4 98.0 Sigma-Aldrich 
Tin Sn 99.8 Sigma-Aldrich 






SbCl3 99.0 Sigma-Aldrich 
Sodium chloride NaCl 99.5 Sigma-Aldrich 
Ar/(5%)H2 gas Ar/H2 99.998 Sigma-Aldrich 
Potassium hydroxide KOH 99.99 Sigma-Aldrich 
Manganese acetate 
tetrahydrate 
Mn(CH3COO)2•4H2O 99.0 Sigma-Aldrich 
Cobalt acetate 
tetrahydrate 
Co(CH3COO)2•4H2O 98.0 Sigma-Aldrich 






(CH2CF2)n N/A Sigma-Aldrich 
carboxymethyl 
cellulose 





Aluminum foil Al N/A N/A 
Copper foil Cu N/A N/A 
CR2032 type coin 
cells 













F2KNO4S2 98.0 Strem 
Chemicals Inc. 
Potassium K 99.5 Sigma-Aldrich 
CR2032 type coin 
cells 





All the projects that were included in this Ph. D. thesis were conducted under a 
systemically and logical scheme. The initial two steps of the scheme are setting a 
research target by proposal making, related literatures reading & pondering. After then, 
an experiment is designed and conducted based on reasonable theoretical hypothesis. 
The subsequent result of the experiment is either successful or not. If it is a failure, 
then a reappraise of the previous steps is needed. Or if the obtained product satisfies 
the goal, and the follow-up characterization of the obtained product will be carried out. 












Figure 3.1 a) Outline of research procedures; b) Characterizations of materials 






3.3 Materials Synthesis Methods 
3.3.1 Hummers’ method for graphene oxide 
The Hummers’ method is a chemical procedure to synthesize graphite oxide. 
Potassium permanganate is added to a solution that contains graphite, sodium nitrate, 
and sulfuric acid. This method was firstly applied in the 1960s because it is a fast, safe, 
and highly efficient way to producing graphite oxide. After the discovery of graphene 
in 2004, this method was further modified and improved to produce graphene on a 
large scale. In this Ph.D. work, the modified Hummers’ method was used to 
synthesize graphene oxide.[1] 
 
3.3.2 Co-precipitation method 
Co-precipitation is a facile chemical method for synthesizing micro/nanosized 
particles, which are carried through soluble substances under the employed conditions 
to form a precipitate. The procedure for a typical co-precipitation method is shown in 
Figure 3.2. This method was introduced in this work for the synthesis of nanosized 
bismuth/reduced graphene oxide composites. Due to the low melting point of bismuth, 





Figure 3.2 Typical Co-precipitation route for micro/nano-sized particles. 
 
3.3.3 Freeze-drying & Flux method 
For the preparation of the Sb@3D amorphous carbon matrix (Sb@3D-ACM), the 
freeze-drying and flux methods are both applied in the synthetic procedure. 
Freeze-drying is a dehydration process in which low temperature and low pressure 
conditions are applied that result in maintaining the original shape of the products. 
The flux method is a technique for crystal growth. The reactants are dissolved in a 
high-temperature flux (low melting point) where the reaction occurs in a crucible with 
atmospheric control on the atomic scale, resulting in the formation of highly stable 





3.3.4 Sol-gel method & Solid-state reaction route 
The sol-gel method is a way to generate solid materials from small molecules. The 
monomers are converted into a homogeneous colloidal solution, which plays the role 
of precursor to further form discrete particles or networks of polymers. The solid-state 
reaction route is one of the most widely used thermal treatment processes to obtain 
high quality crystalline materials. High temperature and a long reaction period are the 
key factors for the reactivity and the thermodynamic free energy change that triggers 
the reaction of the solid starting materials. In this work, the above-mentioned methods 




3.4 Characterization of Materials: Physical properties 
3.4.1 X-ray Powder Diffraction & Neutron Powder Diffraction 
X-ray powder diffraction is an analytical technique that is primarily used for phase 
identification of a crystalline material, and it can also provide information on unit cell 
dimensions. The X-ray diffraction instrument contains three key components, which 
are the X-ray tube, the sample holder, and the X-ray detector. This technique is always 
used for identifying unknown crystalline materials. The material to be analyzed is 
finely ground, homogenized, and the average bulk composition is determined [1]. The 
Institute for Superconducting & Electronic Materials possesses a GBC eMMA X-ray 
generator and diffractometer with Cu Kα radiation, λ = 1.5406 Å, that operates at a 
voltage of 40 kV. In this thesis, the phases of the powder samples were identified 
using the GBC eMMA. The powder samples were loaded on a quartz holder. Due to 
the hygroscopic property of the layered manganese oxide, the preparation procedure 
was different. The XRD data for the layered manganese oxide were collected on a D8 
Bruker diffractometer at the wavelength λ = 1.5406 Å in a borosilicate capillary 0.2 
mm in diameter. 
Neutron diffraction or elastic neutron scattering is other analytical technique that is 
determine the atomic and/or magnetic structure of a material by using neutron 
scattering. A target sample is placed in a beam of thermal or cold neutrons to obtain a 
diffraction pattern that provides information of the structure of the material. Neutron 
diffraction is similar to X-ray diffraction, but due to their different scattering 
properties, neutrons and X-rays provide complementary information. 
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3.4.2 Scanning Electron Microscopy 
A scanning electron microscope (SEM) is a type of electron microscope which images 
a sample via scanning the surface with a focused electron beam. The instrument 
produces various signals, including those relating to the surface topography and 
composition of the samples. In a typical SEM, an electron beam is thermionically 
emitted from an electron gun fitted with a tungsten filament cathode. Tungsten is 
normally used in thermionic electron guns because it has the highest melting point and 
lowest vapor pressure of all metals, thereby allowing it to be electrically heated for 
electron emission, and because of its low cost [1]. The morphology of all the samples 
in this thesis work was investigated on a JEOL JSM-7500FA that belongs to the 
Electron Microscopy Centre, University of Wollongong. 
 
3.4.3 Scanning Transmission Electron Microscope (Equipped with Energy Dispersive 
X-ray) 
Scanning transmission electron microscopy (STEM) is a type of transmission electron 
microscopy in which the electron beam is focused to a fine spot with a typical size of 
0.05-0.2 nm and scanned over the sample in a raster illumination system, constructed 
so that the sample is illuminated at each point with the beam parallel to the optical 
axis. STEM is also suitable for analytical techniques such as Z-contrast annular 
dark-field imaging, and spectroscopic mapping by energy dispersive X-ray (EDX) or 
electron energy loss (EELS) spectroscopy. This technique is normally used for the 
characterization of the nanoscale or atomic scale structure of specimens, providing 
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important insights into the properties and behavior of materials.[1] 
In this thesis, analysis of the morphology and the element distribution of the initial 
samples, or the solid electrolyte interphase of the electrodes after cycling were 
conducted on JEOL JEM-ARM200f, which is currently in service in the Electron 
Microscopy Centre, University of Wollongong. 
3.4.4 X-ray Photoelectron Spectroscopy 
XPS is a technique that is used for analysis of the surface chemistry of materials in 
their as-received state, or after certain treatments. The chemical valences of the 
element in a target material can be determined via XPS [1]. The XPS measurements in 
this thesis were conducted on a VG Scientific ESCALAB 2201XL instrument, which 
is currently maintained by the Institute for Superconducting & Electronic Materials. 
 
3.4.5 Atomic Force Microscopy & Kelvin Probe Force Microscopy 
Atomic force microscopy is a very high-resolution type of scanning probe microscopy 
with demonstrated resolution on the order of fractions of a nanometer, which breaks 
the limit of the optical diffraction. The information is gathered by the surface touching 
with a mechanical probe. 
KPFM is a derived application of atomic force microscopy. It is a scanning probe 
method where the potential offset between the probe tip and the surface can be 
measured using the same principle as a macroscopic scanning Kelvin probe. The 
cantilever in the KPFM is a reference electrode that forms a capacitor with the surface, 
over which it is scanned laterally at a constant separation. The cantilever is not 
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piezoelectrically driven at its mechanical resonance frequency ω0 as in normal atomic 
force microscopy (AFM) although an AC voltage is applied at this frequency. It is a 
novel microscopic electrical method to obtain information on materials’ (for example: 
solid electrolyte interphase) surface potentials and their surface roughness on the 
nanoscale. The surface potential (Vcpd) normally can be defined using formula below: 
𝑉𝑐𝑝𝑑 = (𝛷𝑡𝑖𝑝 − 𝛷𝑠𝑎𝑚𝑝𝑙𝑒)/e 
Where 𝛷𝑡𝑖𝑝 and 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 are the work functions of the tip and sample, respectively, 
and e is the elementary charge. [1] 
Kelvin probe force microscopy (KPFM) measurements were carried out on an 
MFP-3D AFM instrument (Asylum Research, CA) to measure the morphology and 
surface potential of the samples. 
  
3.4 Electrochemical characterization 
3.4.1 Electrode Preparation and Batteries assembly 
A perfect working electrode usually has a flat surface and homogeneous thickness 
with all the components uniformly mixed. The ratio of components must be suitable 
for the active material, and the most suitable binder must be selected. These require a 
comprehensive awareness of the properties of the working active material. In this 
thesis, all the anode electrode materials were prepared by using sodium 
carboxymethyl cellulose (CMC) binder, and the ratio for Bi/reduced graphene oxide 
(GO), binder, and conductive additive (Super P) was 80:10:10 (wt.%). For the 
Sb@3D amorphous carbon matrix, the ratio was 70:10:20 (wt.%). The binder for the 
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preparation of cathode materials was polyvinylidene difluoride (PVDF), and the ratio 
of active materials, binder, and conductive additive was also 70:10:20 (wt.%). The 
general procedure for preparing the electrode is to mix the active material with the 
binder and conductive additive in a particular ratio in a solvent (deionized water for 
CMC, N-Methyl-2-pyrrolidone for PVDF) to form a slurry. The slurry was then 
coated on the current collector (copper foil for anode materials, aluminum foil for 
cathode materials) and dried in an oven under vacuum overnight to remove the 
residual solvent. The vacuum was maintained until the electrode reached an 
unreactive temperature, followed by pressing at 300 kg cm-2. 
The batteries in this work were assembled in a high purity Ar-filled glove box with 
less than 1 ppm O2 and CO2. CR2032 type coin cell cases were used during the 
battery assembly procedure, and the configuration of a coin-cell is shown in Figure 
3.3. 
 
Figure 3.3 The general configuration of a two-electrode coin cell setup. 
3.4.2 Galvanostatic charge/discharge test 
Galvanostatic charge/discharge testing is a very basic analytical measurement for 
characterizing the electrochemical properties of electrode materials. In the first few 
cycles, the initial electrochemical reactions, such as the SEI formation in anode 
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materials or the step-like phase transitions in cathode materials, can be preliminarily 
detected. During the cycling of the coin-cells, the long term electrochemical stability 
of the working electrode can be determined [1]. All the galvanostatic charge/discharge 
tests were carried out on a LAND CT2001A tester (China). The testing parameters 
such as the cut-off voltage and current densities were carefully selected based on the 
properties of the active materials or referring to the literature. 
3.4.3 Cyclic Voltammetry 
Cyclic voltammetry is an electrochemical technique for acquiring qualitative 
information on electrochemical processes under various conditions, such as the 
presence of intermediates in oxidation-reduction reactions or the reversibility of a 
reaction. It also helps to determine the electron stoichiometry or the diffusion 
coefficient of the electrode. In cyclic voltammetry, the resulting current is measured 
while scanning the potential of a working electrode. When the potential is negatively 
scanned, the reduction reaction occurs, resulting in a corresponding cathodic peak. On 
the contrary, positive potential scanning means that an oxidation reaction occurs, 
resulting in an anodic peak [1]. In this thesis, all the cyclic voltammetry 
measurements were performed on a Biologic VMP-3 electrochemical workstation 
using a coin cell that has a potassium plate as both reference electrode and counter 
electrode, and the target materials as working electrodes. 
 
3.4.4 Galvanostatic Intermittent Titration Technique (GITT) 
The galvanostatic intermittent titration technique is a procedure for collecting 
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information on thermodynamic and kinetic parameters, such as the diffusion 
coefficient. This measurement is based on a series of current pulses, each followed by 
an applied relaxation with no current. The effective diffusion coefficient (Deff) was 
calculated for each pulse/relaxation step following the simplified equation derived 















where ∆Es (V) is the difference between the equilibrium potential before and after the 
current pulse; ∆Eτ (V) is the difference between the potential under the current at the 
start and end of the current pulse, neglecting ohmic overpotential; τ (s) is the duration 
of the current pulse; mB is the mass of the active material in the electrode; VM and MB 
are the molar volume and molar mass of the active material, respectively, VM/MB is the 
reciprocal of the active material density; and S is the electrode surface area (cm2) as 
reported in the experimental section.[1] 
3.4.5 In operando Synchrotron X-ray Powder diffraction (in operando SXRD) 
Using In operando synchrotron X-ray powder diffraction makes it possible to monitor 
the phase transitions during the coin cell charging/discharging. The high resolution of 
in operando SXRD offers insights into the potassium storage mechanism. The 
Australian Synchrotron is the facility that provided the opportunity of conducting in 
operando SXRD measurements [1]. Their general experimental setup is shown in 









Figure 3.5 Powder Diffraction beamline lab at the Australian Synchrotron. 
 
3.5 Reference 




Chapter Four Boosting the potassium storage performance of 
Alloy-based anode materials via electrolyte salt chemistry 
4.1 Introduction 
Owing to the rapid growth in use of renewable energy resources such as the sun and 
the wind, low-cost and high-performance energy storage devices are urgently needed 
to efficiently use these intermittent energy sources and reduce our energy dependence 
on fossil fuels. Lithium-ion batteries (LIBs) are widely used in portable electronic 
devices, and have been used in (hybrid) electric vehicles, and even in grid-scale 
facilities.[1,2] Nevertheless, concerns about LIBs have arisen due to their high cost, the 
limited nature of lithium resources in the Earth’s crust (0.0017 wt%), and their uneven 
distribution.[3,4] Hence, it is essential to search for alternative energy storage 
technologies based on the low-cost and abundant elements, i.e. sodium or 
potassium.[5-10] 
Potassium-ion batteries (PIBs) have been attracting research interest due to the low 
cost and abundance (2.09 wt% in the Earth’s crust) of potassium resources, and the 
similar physical and chemical properties of K to Li and Na.[8-10] Several advantages of 
PIBs have already been demonstrated compared to sodium or lithium ion batteries. 
The standard electrochemical potential of K/K+ (-2.93 V vs. E°) is lower than for 
Na/Na+ (−2.71 V vs. E°), and close to that for Li/Li+ (−3.04 V vs. E°), but the lowest 
redox potential is also found in some solvents such as propylene carbonate (PC) and 
ethylene carbonate/diethyl carbonate (EC/DEC) due to the relatively lower 
desolvation energy of K+ in organic solvents, indicating that PIBs may offer a higher 
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working voltage and more energy.[11,12] The weaker Lewis acidity of K ions with 
organic solvents also enables fast kinetics and high rate capability.[12,13] In addition, 
the potential gap of some carbon and metal based anodes in PIBs has been found to be 
higher than in sodium-ion batteries (SIBs), which leads a lower risk of short-circuiting 
due to dendrite growth.[14,15] Therefore, PIBs can be expected as an alternative to SIBs 
or even LIBs.[11-35] 
For the success of PIBs, one key strategy is to develop feasible electrode materials 
that can accommodate the large sized K+ ion (1.38 Å), which is bigger than for Li+ 
(0.76 Å) and Na+ (1.02 Å). For the anode, carbonaceous materials,[16-21] organic 
materials,[22,23] K-ion intercalation compounds,[24-28] and metal-based alloy 
materials[29-32] have all been investigated. The capacities for the former three kinds of 
anodes are relatively low (< 300 mAh g-1), however. The latter metal-based materials 
have larger capacities, but capacity fading has always been observed due to the 
continuous pulverization resulting from the large volume expansion and contraction. 
Another key strategy is to achieve a stable solid electrolyte interphase (SEI) layer. It is 
well-known that SEI layers are strongly dependent on the salt and solvent of the 
electrolyte, and they play an important role in maintaining the electrochemical 
performance of rechargeable batteries such as LIBs and SIBs.[36,37] The SEI layer is 
even more important for PIBs due to the higher chemical reactivity of K compare to 
Li or Na. It has been reported that more stable SEI layers can be obtained in ether 
based electrolytes,[22,35] but ethers may be not suitable for a full battery, as they are 
easily oxidised at high potential. It is well known that ethers have seldom been 
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considered suitable as solvents for LIBs because of their instability on 4 V class 
cathode surfaces.[38] In carbonate based electrolytes, it was also reported that higher 
conductivity and less side reactions could be achieved by using potassium 
bis(fluorosulfonyl)imide (KFSI) salt instead of using potassium hexafluorophosphate 
(KPF6) salt in the carbon-based anodes,[11,39] although the mechanism for the action of 
different potassium salts on the SEI formation is not clear yet. Also, there has been 
limited exploration on the formation of the SEI layer for K+ storage materials. 
Bismuth is a well-known “green” metal with low cost and a nontoxic nature, and it is 
also of interest for electronic applications due to its unique properties, such as its low 
melting point, and very low thermal conductivity and volume expansion compared to 
other metals upon freezing. More significantly, Bi has a unique layered crystal 
structure with large interlayer spacing along the c-axis, d(003) = 3.95 Å, which makes 
it very promising as a potential anode material for rechargeable batteries.[40-45] In this 
work, we report Bi-based materials as novel potential anodes for K-ion batteries, and 
the reaction mechanism is investigated and proposed. The Bi nanoparticles are 
confined on the graphene nanosheets to form a Bi/ reduced graphene oxide (Bi/rGO) 
nanocomposite for achieving better electrochemical performance, since graphene is an 
electrical conductor and a good substrate for buffering the volume changes in Bi 
nanoparticles during electrochemical cycling. We also discovered that KFSI 
outperforms KPF6 and leads to Bi anodes with significantly improved cycling stability 
when used as the salt in nonaqueous carbonate solvents. The interfacial chemistry 
during cycling was investigated by scanning and transmission electron microscopy 
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(SEM and TEM), X-ray photoelectron spectroscopy (XPS), Kelvin probe force 
microscopy (KPFM), and nanoindentation. It is shown that the nature of the salt has a 
significant influence on the uniformity, stability, and chemical composition of the SEI. 
As a result, the Bi anodes in KFSI can survive over 200 cycles, which is the 
longest-cycled metal-based anode in PIBs that has been firstly reported. Moreover, 
since the alloy-based anode materials experience similar issues resulting from the 
huge volume changes during potassiation and depotassiation process, the proposed 
KFSI salt can also be applied with other alloy-based anodes such as Sn/C and Sb/C to 




4.2 Experimental section 
4.2.1 Synthesis of graphene oxide 
The graphene oxide was obtained by using a modified Hummers method. Pure 
graphite (1 g, Sigma-Aldrich, 99.995%) was ground with sodium nitrate (0.5 g, 
Sigma-Aldrich, ≥ 99.0%), and the mixture was added into concentrated sulfuric acid 
(50 ml, Sigma-Aldrich, 95.0−98.0%) in a conical flask and stirred in an ice bath. In 
the following step, potassium permanganate was added (6 g, Sigma-Aldrich, ≥ 99.0%). 
Then, deionized water was added to reduce the concentration of the solvent mixture. 
Finally, hydrogen peroxide solution (10 ml, Sigma-Aldrich, ≥ 30.0 wt%) was added 
into the conical flask dropwise and stirred for 2 hours. The mixture was subjected to 
ultrasonic processing until a brown homogeneous suspension was formed. 
4.2.2 Synthesis of Bismuth/reduced graphene oxide (Bi/rGO) 
Solution A: Bismuth nitrate pentahydrate (2.425 g, Sigma-Aldrich, ≥ 98.0%) was 
dissolved into 100 ml deionized water, and 20 ml as-prepared graphite oxide (4.0 mg 
ml-1) was added dropwise and stirred for 30 minutes. Solution B: Potassium 
borohydride (0.84 g, Sigma-Aldrich, ≥ 98.0%) was dissolved into 100 ml deionized 
water and stirred for 15 minutes. Solution B was added into Solution A to trigger a 
redox reaction. The mixture was then stirred for an hour, and the black precipitates 
were collected by centrifugation and washed several times with deionized water and 




4.2.3 Synthesis of Sn/C and Sb/C 
Sn/C and Sb/C powders were directly synthesized by ball milling the raw materials, 
Sn (Aldrich, ≥ 99.8%), Sb (Aldrich, ≥ 99.5%), and carbon black, respectively. The 
weight ratios were Sn: C = 77.5: 12.5 and Sb: C = 77.5: 12.5 in the binary composites 
Sn/C and Sb/C, respectively. The ball milling was conducted in a planetary QM-1SP2 
ball mill for 30 h at 500 rpm. A stainless steel jar and stainless steel balls 10 mm in 
diameter were used. The powder-to-ball weight ratio was 1:30. The storage and 






4.3.1 Physical characterization of materials and SEI 
The crystallographic structure of the as-prepared sample and cycled electrodes was 
characterized by X-ray diffraction (XRD, Science MAC) using Cu Kα radiation at a 
scanning rate of 1° s-1. Raman spectroscopy was carried out on an instrument (JOBIN 
YVON HR800) equipped with a 632.81 nm diode laser. The morphological images 
were acquired by field emission scanning electron microscopy (FESEM, JEOL-7500), 
transmission electron microscopy (TEM, JEOL-2010), and high resolution (scanning) 
transmission electron microscopy equipped with EDS (JEOL JEM-ARM200F, 200 
kV). Selected area electron diffraction (SAED) patterns were recorded by a Gatan 
UltraScan 1000XP charge coupled device (CCD) camera. X-ray photoelectron 
spectroscopy (XPS) was conducted on a VG Multilabel 2000. The vacuum transfer 
module was used to prevent air exposure. Thermogravimetric analysis was performed 
on a TA 2000 Thermoanalyzer. Nanoindentation testing was performed in a UMIS 
system equipped with a Berkovich diamond indenter with a 100 micrometre tip (E = 
1050 GPa). A constant load of 1 mN was applied during the indentation test. Kelvin 
Probe Force Microscopy (KPFM) measurements were carried out on an MFP-3D 
AFM instrument (Asylum Research, CA) to measure the morphology and surface 
potential of the samples. Typically, a Pt/Ir coated silicon probe (EFM, Nanoworld) 
with resonance frequency of 75 kHz and force constant of 2.8 N m−1 was used in the 
KPFM measurements. The active materials were redispersed in ethanol and 
distributed on gold Mylar for KPFM measurements. The scan rate was set at 1 Hz 
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under ambient conditions. Before characterizing the surface potential of the samples, 
the surface potential of the Pt/Ir tip was calibrated on gold Mylar (standard gold). 
Both KPF6 and KFSI samples were measured, followed by double-checking on gold 
Mylar to confirm the consistency of the probe. All KPFM images were generated with 
a pixel density of 256×256. 
4.3.2 Electrodes preparation and electrochemical measurements 
The electrochemical performance of the materials was tested via two-electrode coin 
half-cells (CR2032). The working electrodes were prepared by mixing the active 
material with carbon black and sodium carboxymethyl cellulose (CMC) binder in a 
mass ratio of 80:10:10 in deionized water to form a slurry. The slurry was coated onto 
the copper foil and dried at 80 ° overnight under vacuum to eliminate residual solvent, 
followed by pressing at 300 kg cm-2. The cells were assembled with potassium foil as 
the counter electrode inside an argon-filled glove box. The electrolyte was 1.0 M 
potassium bis(fluorosulfonyl)imide (Strem Chemcials Inc., 98.0%) or 0.8 M 
potassium hexafluorophosphate (Sigma-Aldrich, 99.5%) in ethylene carbonate/diethyl 
carbonate (EC/DEC, 1:1 v/v). Galvanostatic discharge-charge measurements were 
conducted on a Land CT2001A battery tester. The voltage window was set in the 
range of 0.01-1.0 V and 0.01-2.0 V vs. K/K+ at different constant current densities. 
Cyclic voltammetry (CV) was conducted from 0.01-2.0 V vs. K/K+ at 0.05 mV s-1 on 




4.4 Results and discussion 
4.4.1 Materials synthesis and characterization 
Bi/rGO nanocomposite was synthesized via a simple room-temperature solution 
synthesis method. The crystallinity and phase composition of the Bi/rGO were 
investigated by X-ray diffraction (XRD). As shown in Figure. 4.1 (a), all the 
diffraction peaks can be indexed to hexagonal Bi with space group R3̄m (PDF no. 
44-1246). The hexagonal layered crystal structure of Bi is shown in the inset of 
Figure. 4.1(a). The presence of rGO in the composite can be confirmed by the Raman 
spectrum, as shown in Figure. 4.2 in the Supporting Information. The morphology of 
Bi/rGO, as captured by SEM (Figure. 4.1(b)) and TEM (Figure. 4.1(c)), reveals that 
the Bi nanoparticles with 30-100 nm in size are properly dispersed on the graphene 
nanosheets. In contrast, the pristine Bi particles in the reference sample are aggregated 
(Figure. 4.3). The presence of rGO can not only mitigate the agglomeration of Bi 
nanoparticles, but also improves the electrical conductivity and structural stability of 
the electrode. The well-defined crystallinity of Bi in the Bi/rGO nanocomposite is 
further confirmed by the high resolution TEM (HRTEM) image and selected area 
electron diffraction (SAED) pattern shown in Figure. 4.1(d), although a clear 
amorphous layer surrounding the crystallized region of Bi is also observed. The 
energy dispersive spectroscopy (EDS) mapping of the Bi particle in Figure. 4.1(e) 
illustrates the Bi core and the amorphous Bi2O3 shell resulting from the oxidation of 
Bi in the core-shell Bi2O3@Bi composite. The presence of Bi2O3 is also confirmed by 
the XPS spectrum (Figure. 4.1(f)), where the ratio of Bi-Bi to Bi-O bonds is found to 
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be 1.2:1. Based on the XPS results, as well as the thermogravimetric (TG) 
measurements (Figure. 4.4), the weight ratio between Bi, Bi2O3, and rGO in the 
Bi/rGO composite was determined to be 51.1:47.5:1.4. This result is understandable, 
as Bi is easily oxidized upon contact with air, and hence, a surface amorphous layer 
surrounding the Bi particle is present. 
 
 
Figure 4.1. Physical properties of as-synthesized Bi/rGO. a) XRD pattern, with the 
inset showing the crystal structure of the hexagonal Bi; b) SEM image; c) Low 
resolution TEM image; d) High resolution TEM image with inset SAED pattern; e) 




Figure 4.2. Raman spectrum of as-synthesized Bi/rGO composite. 
 
 






Figure 4.4. Thermogravimetric (TG) analysis curve of Bi/rGO. 
 
4.4.2 Potassium storage performance 
The electrochemical performance of the Bi/rGO electrode in both the KPF6 and KFSI 
electrolytes was first evaluated by cyclic voltammetry (CV), as shown in Figure. 4.5 
(a, b). The CVs for commercial Bi2O3 and carbon black are also presented for 
comparison, as shown in Figure. 4.6. As expected, both the Bi/rGO and Bi2O3 
electrodes in KFSI electrolyte show similar reduction/oxidation pairs, since there is an 
amorphous Bi2O3 layer covering the Bi particles in the Bi/rGO sample. During the 
initial scan, a first reduction peak at 0.72 V and its corresponding oxidation peak at 
about 1.29 V were observed, which may reflect the conversion reaction of Bi2O3 and 
possible intercalation of Bi. The redox peak at 0.72/1.29 almost disappeared after only 
5 cycles, however, suggesting its irreversibility. Upon further potassiation, a large 
reduction peak was observed at about 0.12 V and a small shoulder at about 0.23 V due 
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to the alloying of K+ with Bi, although the large reduction peak splits into two peaks 
at 0.16 and 0.1 V after the first cathodic scan. In the anodic scan, a large oxidation 
peak at 0.76 V and two small shoulders at 0.6 and 0.82 V were observed, which may 
be associated with the extraction of potassium from the K-Bi phase. The results 
suggest that the electrochemical K ion insertion/ extraction reaction of Bi may take 
place via multiple steps. The Bi/rGO in KPF6 electrolyte shows similar 
electrochemical behaviour, but all the cathodic and anodic peaks for the Bi/rGO in 
KPF6 electrolyte almost disappear from the fifth scan onward (Figure. 4.5(b)), 
suggesting bad cycling performance. In contrast, the CV curves of the Bi/rGO in 
KFSI electrolyte show good reversibility in the insertion/extraction reactions of K 
into/out of Bi. 
Galvanostatic discharge/charge measurements were also conducted to evaluate the 
electrochemical performance of the Bi anodes. Remarkably, the Bi anodes showed 
significantly enhanced electrochemical performance in KFSI electrolyte compared to 
the KPF6 electrolyte (Figure. 4.5, Figure. 4.7-4.9). The Bi/rGO electrode delivered a 
high reversible capacity of 441 mA h g-1 with an initial coulombic efficiency (CE) of 
63% in KFSI electrolyte (Figure. 4.5(c, e)). In contrast, it had a lower reversible 
capacity of 384 mA h g-1 with a much lower initial CE of 47 % in KPF6 electrolyte 
(Figure. 4.5(d, e)). In both of KFSI and KPF6 electrolytes, the initial CE is under 70% 
which is due to the side-actions of the growth of SEI layer, as well as the irreversible 
conversion reaction from the reducing of Bi2O3 to Bi. Furthermore, both the Bi and 
Bi/rGO anodes in KPF6 electrolyte experienced an abrupt capacity drop after only 4 
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cycles (Figure. 4.5(e)). In contrast, both the Bi and the Bi/rGO anodes in KFSI 
electrolyte showed stable cycling performance up to 50 cycles and delivered 
reversible capacities of 177 and 290 mAh g-1 after 50 cycles, respectively (Figure. 
4.5(e)). In particular, the Bi/rGO can still maintain its electrochemical activity even 
after 200 cycles (Figure. 4.9). It should be noted that both the Bi and the Bi/rGO in 
KFSI electrolyte are relatively stable in the initial cycles and then experience 
relatively fast capacity fading in the following several cycles, which is due to the 
irreversible conversion reaction, according to the CV curve and discharge/charge 
curves. After the disappearance of Bi2O3, the Bi anodes show relatively stable 
capacity, and the coulombic efficiency in the KFSI electrolyte can be maintained in 
the range of 97-98% (Figure. 4.5(e)). The Bi/rGO electrodes also exhibited an 
impressive rate capability in the KFSI electrolyte. As shown in Figure. 4.5(f), the 
Bi/rGO electrode delivered a reversible capacity of 309, 273, and 235 mAh g-1 at the 
current densities of 100, 200, and 500 mA g-1, respectively, which are significantly 
higher than for the pristine Bi electrode. When the current rate was set back to 50 mA 
g-1, a reversible capacity of about 274 mAh g-1 was obtained, demonstrating good rate 
capability. The electrochemical performance of Bi/rGO anode is better than for most 
other reported anodes (Table S4.1). In particular, the Bi/rGO shows higher rate 
capacities than the carbon based anodes and is the best metal based anode reported so 
far that could last for over 200 cycles. The excellent reversibility and capacity 
retention of the electrode in the KFSI electrolyte indicates that KFSI is very useful for 
reducing the irreversible capacity and improving the cycle life. In addition, graphene 
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provides effective electron conduction paths, and the network-like structure of 
graphene nanosheets forms a stable matrix for the Bi electrode. We also tried to 
optimize the performance of the Bi/rGO by tuning the compositions of the KFSI and 
KPF6 salts or the solvent. As shown in Figure. 4.9a, the addition of 0.2 M KPF6 into 
the 0.8 M KFSI electrolyte can increase the capacity, while more KPF6 addition (0.5 
and 0.7 M) will reduce the capacity. Nevertheless, the best cycling performance is still 
obtained from the pristine KFSI electrolyte. Also, better electrochemical performance 
can be obtained with KFSI salt by using EC/DEC solvent to replace EC/ dimethyl 
carbonate (DMC) (Figure. 4.9b). The cut-off voltage also plays a key role in 
achieving better cycling performance. The capacity was increased from 87 to 120 
mAh g-1 after 200 cycles at 50 mA g-1 when the voltage window was reduced from 
0.01-2 V to 0.01-1 V (Figure. 4.9c). 
 
 
Figure 4.5. Electrochemical performance of Bi-based electrodes for K storage. Cyclic 
voltammograms (CVs) for the first 5 cycles of Bi/rGO in (a) KFSI electrolyte and (b) 
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KPF6 electrolyte at a scanning rate of 0.05 mV s−1. Galvanostatic discharge–charge 
profiles for selected cycles of the Bi/rGO in (c) KFSI electrolyte and (d) KPF6 
electrolyte at 50 mA g−1. (e) Cycling performance of Bi and Bi/rGO electrodes in 
KPF6 and KFSI electrolytes at 50 mA g−1 and the corresponding Coulombic efficiency. 
(f) Rate capabilities of Bi and Bi/rGO in KFSI electrolyte at various current densities. 
 
 
Figure 4.6. CV curves for the first 5 cycles of (a) commercial Bi2O3 and (b) carbon 
black (Super P). 
 
 





electrode in (a) KFSI electrolyte and (b) KPF6 electrolyte at 50 mA g−1. 
 
 
Figure 4.8. (a) Galvanostatic discharge–charge profiles for the first three cycles of the 







Figure 4.9. Optimization of the electrochemical performance of Bi/rGO at (a) 
different combinations of the KFSI and KPF6 salts in EC/DEC, (b) 1M KFSI in 
EC/DEC and 1 M KFSI in EC/DMC, and (c) 0.01-1 V vs. 0.01-2 V cut-off voltage for 
electrolyte containing 1 M KFSI in EC/DEC. 
 
4.4.3 Potassium storage mechanism 
To understand the potassium-storage mechanism, ex-situ XRD and TEM 
measurements were performed on Bi/rGO electrodes that were disassembled at 
various voltages. Figure. 4.10 (a) shows the ex-situ XRD patterns of the selected 
discharge and charge states. As discussed above, the Bi/rGO sample has amorphous 
Bi2O3 layers on the surfaces of the Bi particles, and the Bi/rGO will undergo 
conversion reactions during discharge (Bi2O3 + 6K+ + 6e- → 2Bi + 3K2O). No XRD 
signals from the K2O phase are detected, however, due to the possible amorphous 
state. Upon discharge to 0.4 V, all the reflections of Bi remain, but with their peak 
positions slightly shifted to higher detection angle 2θ, indicating that the lattice 
parameters (a, c) of Bi phase become smaller, as estimated by Rietveld analysis and 
shown in Figure. 4.10(b). This lattice shrinkage implies that Bi undergoes a 
solid-solution reaction and forms a Bi(K) solid-solution phase with the same 
symmetry. The observation of lattice shrinkage as a consequence of K intercalation is 
similar to the reported sodiation mechanism of Bi.[41] Although no reasons for lattice 
shrinkage were given in the previous work on sodium ion batteries, we believe that 
the lattice shrinkage is due to the inserted K ions, which are allocated to interstitial 
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sites between the Bi layers within the R-3m structure, reducing the repulsion force 
between Bi layers. Upon further discharge to 0.2 and 0.01 V, we found that the Bi(K) 
structure cannot tolerate extra K intercalation and is transformed into the K5Bi4 phase, 
with the Bi(K) reflection intensity decreasing and that of K5Bi4 increasing through a 
two-phase reaction. Upon charge, the two-phase reaction is reversed, with the K5Bi4 
disappearing and the Bi(K) coming back. Lattice expansion of Bi(K) was also 
observed during the K extraction due to the partially reversed solid-solution reaction. 
Considering the fact that the Bi/rGO has several redox pairs and delivers a capacity of 
over 300 mAh g-1, much higher than the theoretical capacity of 160 mAh g-1 for K5Bi4, 
a K-rich phase should be present upon full discharge. As shown in Figure. 4.10(c), in 
addition to Bi and K5Bi4, the HRTEM and corresponding fast Fourier transform (FFT) 
images of selected areas present the characteristic diffraction points of K3Bi, which is 
not detected by XRD due to its possible nanocrystalline nature and low amount. The 
K3Bi is likely to be the final product after the discharge of the Bi/rGO electrode to 
0.01 V in PIBs, with the theoretical capacity being as high as 385 mA h g-1. Therefore, 
the ex-situ XRD and TEM results jointly suggest the presence of two typical 
two-phase reactions corresponding to Bi(K) ↔ K5Bi4 ↔ K3Bi, as shown in Figure. 
4.10(b). The volume expansion of per unit Bi upon 3 K intercalation (K3Bi) is as large 
as 515.23%. [46-48] Overall, the potassiation/depotassiation of Bi proceeds through an 
alloying/dealloying reaction mechanism with K with solid-solution and two-phase 





Figure 4.10. Potassium-storage mechanism of Bi. (a) Ex-situ XRD patterns collected 
at different points in the discharge/charge cycle; (b) The refined lattice parameters and 
proposed potassiation/depotassiation mechanism; and (c) TEM image with inset 
images showing fast Fourier transform patterns of selected areas of a Bi@rGO 
electrode after it was fully discharged. 
 
4.4.4 Surface chemistries 
To understand how the KFSI salt could greatly enhance the cycling performance, 
Bi/rGO electrodes cycled in both KFSI and KPF6 electrolytes were carefully 
characterized. Figure. 4.11(a-f) shows HRTEM images of electrodes after cycling in 
both electrolytes. The thickness of the SEI layer (5-10 nm) in the two electrolytes is 
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similar after two cycles as shown in Figure. 4.11 (a, d), although obvious differences 
are observed upon further cycling (Figure. 4.11(b, c, e, f)). In KPF6 electrolyte, the 
SEI layer was found to be ruptured, and crevices were detected on the surface of the 
SEI layer after 5 cycles (Figures. 4.11(b), 4.12), which was due to the pulverization 
of Bi nanoparticles, which breaks the SEI layer due to the huge volume changes in the 
Bi nanoparticles during discharge/charge. This will produce new Bi surface, which 
will be exposed to the electrolyte and lead to further irreversible decomposition of the 
electrolyte and new growth of the SEI layer. As a result, thicker and more 
heterogeneous SEI layers (10-30 nm) were formed after 10 cycles (Figure. 4.11(c)), 
leading to the continuous consumption of electrolyte. In contrast, the SEI layer 
formed in KFSI electrolyte maintained its integrity and showed a similar thickness 
from 2 to 10 cycles (Figure. 4.11(d-f)), indicating that the SEI layer in KFSI 
electrolyte is much more stable and could prevent the continuous side reactions 
between the electrolyte and the electrode. The results were further confirmed by the 
ex-situ SEM results, as shown in Figure. 4.13. The 10th cycle electrode in KPF6 
electrolyte exhibits surface destruction with nonhomogeneous SEI coverage. In 
contrast, after the 10th cycle, the electrode in KFSI electrolyte remains homogeneous 
and keeps its integrity, with the compact SEI layer uniformly covering the particles. 
EDS mapping shows that the SEI layers in the two electrolytes consist of different 
elements, as shown in Figure. 4.14. Besides the shared elements Bi, C, and O that 
arise from the electrode and solvent, three additional elements, F, P, and K, were 
detected for the electrode in KPF6, and four additional elements, F, N, S, and K, were 
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detected for the electrode in KFSI electrolyte. From the EDS mapping images, it was 
also observed that the elemental distributions, in particular the F and P distributions, 
on the electrode surface in KFSI is more uniform than in the KPF6 electrolyte 
(Figures. 4.11(g, h), 4.14). The chemical compositions of the SEI in the KPF6 and 
KFSI electrolytes were also analysed by XPS, as shown in Figure. 4.11(i-k). The F 1s 
spectra reveal two similar peaks for both electrolytes in the range of 685-692 eV and 
at 684.0 eV (Figure. 4.11(i)). The feature at 685-692 eV can be assigned to S-F 
species in the KFSI electrolyte and P-F species in the KPF6 electrolyte, respectively, 
due to incomplete decomposition of the salts. The second one at 684.0 eV is attributed 
to the KF species. The formation of KF in KPF6 electrolyte is possible from the direct 
decomposition of the salt (KPF6 → KF + PF5), hydrolysis of the salt (KPF6 + H2O → 
KF + 2HF + POF3), and/or reactions of the potassium containing compounds with 
Lewis acids (e.g. HF, POF3, PF5) derived from KPF6.[38] In contrast, the KF found in 
KFSI electrolyte may be from the reduction of S-F bonds in the FSI-.[35] The presence 
of strong Lewis acids (e.g. HF, POF3, PF5) derived from KPF6 not only induces the 
polymerization of EC solvent,[38, 49-51] but may also induce a reaction with the particle 
surface (e.g. K2O).[39] KFSI is less sensitive toward hydrolysis compared to KPF6, and 
hence, the use of KFSI could prevent the formation of strong Lewis acids. In contrast, 
KFSI appears to be more easily reducible than KPF6 at the surface of the electrode.[51] 
In the C 1s spectrum (Figure. 4.11(j)), both the C-O and C=O species in the surface 
layer are detected in both the KPF6 and the KFSI, which may have originated from the 
decomposition of the carbonate solvent. The O 1s signals also suggest the 
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co-existence of C-O and C=O in both the KPF6 and the KFSI (Figure. 4.11(k)). This 
indicates that both organic (e.g. CH3OK) and inorganic (e.g. K2CO3) components may 
be present, but they may be different in their relative proportions.[52,53] In addition, 
some other oxide species may also be present in KFSI, since the O 1s peak of 532.5 
eV can also be assigned to S=O.[35] Therefore, the growth mechanism of the SEI layer 
in the two electrolytes is very different, due to the usage of different salts, where the 
SEI layer formed in KPF6-based electrolytes is mainly from solvent-induced reduction, 
while the one in KFSI originates predominantly from salt reduction. 
 
 
Figure 4.11. Ex-situ TEM images of Bi/rGO electrode after 2 cycles, 5 cycles, and 10 
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cycles in KFP6 (a, b, c) and KFSI (d, e, f) electrolytes, with the insets showing higher 
magnification. EDS maps of F element in Bi/rGO electrode after 10 cycles in (g) 
KPF6 and (h) KFSI electrolytes. XPS surface analysis for (i) F 1s, (j) C 1s, and (k) O 
1s of Bi/rGO electrode after 10 cycles in KPF6 and KFSI electrolytes, respectively. 
 
 






Figure 4.13. Ex-situ SEM images of Bi/rGO electrodes: a, b) fresh; c, d) after the 10th 





Figure 4.14. EDS maps of Bi/rGO electrode after 2 cycles, 5 cycles, and 10 cycles in 
(a) KPF6 and (b) KFSI electrolytes. 
 
4.4.5 Mechanical and electrical properties 
The difference of SEI growth mechanism not only result in divergent particle surface 
chemistries, but also different interactions between the active material and the other 
electrode components (binder, conductive carbon, current collector), resulting in 
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different mechanical and electrical properties.[51] The mechanical properties of the 
cycled Bi/rGO electrodes in both electrolytes were measured through nanoindentation 
tests. The nanoindentation force of the Bi/rGO electrode after 10 cycles in KFSI 
electrolyte is much lower than that in KPF6 electrolyte at a given indentation depth 
(Figure. 4.15(a)), suggesting that the cycled electrode in KFSI is less rigid. The 
higher viscoelastic property of Bi/rGO electrodes in KFSI electrolyte implies their 
greater mechanical ability to accommodate the stress generated from the volume 
changes, and could effectively prevent active material exfoliation and maintain the 
integrity of the electrode. There is no obvious change for the Bi based electrodes after 
soaked in both KPF6 and KFSI electrolytes for 30 days (Figure. 4.17). However, the 
electrode materials in the KPF6 electrolyte peeled off from Cu current collector after 
10 cycles, and the separator turned yellowish (Figure. 4.15 (b, c); Figure. 4.16). In 
contrast, no obvious change in the separator was observed even after 200 cycles in 
KFSI electrolyte (Figure. 4.155 (b, c); Figure. 4.16). The results further confirmed 
the better mechanical ability of Bi/rGO electrodes after cycled in KFSI electrolyte. 
The surface potential of the cycled Bi/rGO electrodes in both electrolytes was 
measured by Kelvin probe force microscopy (KPFM), a novel microscopic electrical 
characterization technique that works on the nanoscale (Figure. 4.15 (d-g), Figure. 
4.18). The surface potential (Vcpd) normally can be defined using formula below: 
𝑉𝑐𝑝𝑑 = (𝛷𝑡𝑖𝑝 − 𝛷𝑠𝑎𝑚𝑝𝑙𝑒)/e 
Where 𝛷𝑡𝑖𝑝 and 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 are the work functions of the tip and sample, respectively, 
e is the elementary charge.  
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Based on the contact potential difference method, KPFM was used to map the surface 
potential of the cycled electrodes, which is expected to change with potassiation and 
depotassiation. The difference in surface potential between the tip and the sample 
originates from the difference in the work functions of the electrically connected tip 
and the sample. Figure. 4.15 (d, e) shows surface height maps of the Bi/rGO 
electrodes after 10 cycles in KPF6 and KFSI electrolytes, respectively. It is obviously 
observed that the surface of the electrode cycled in KFSI is more uniform, while the 
surface of the electrode cycled in KPF6 is rough and thicker, which is in good 
agreement with the ex-situ SEM results (Figure. 4.13). Accordingly, their surface 
potentials are clearly different. The surface potential maps of the cycled Bi/rGO 
electrodes in both electrolytes are shown in Figure. 4.15 (f, g). Clearly, the cycled 
Bi/rGO electrode in KFSI electrolyte has a higher surface potential than the cycled 
electrode in KPF6 electrolyte. Since the surface potential represents the contact 
electrical resistance to a certain extent, the higher surface potential of Bi/rGO 
electrodes cycled in KFSI electrolyte indicates their higher conductivity and better 





Figure 4.15. (a) Nanoindentation force of the Bi/rGO electrode at a given indentation 
depth after cycling in KPF6 and KFSI electrolyte, respectively. Digital photographs of 
the separator after 10 cycles in (b) KFSI electrolyte and (c) KPF6 electrolyte. Surface 
height maps of Bi/rGO electrode for (d) KPF6 electrolyte and (e) KFSI electrolyte, 






Figure 4.16. Digital photographs of separators after different numbers of cycles in (a) 










Figure 4.18. The surface potential map of standard gold Mylar® (a) before and (b) 
after testing the cycled electrode. 
 
4.4.6 Stabilization effect of electrolyte on the SEI layer and the application on other 
alloy-based anodes 
Compared to KPF6, the KFSI induces the generation of a more uniform and stable SEI 
layer, as well as more favourable interactions between the binder and the active 
material surface, which contributes to making the surface more conductive, more 
mechanically robust, and more resistive to solvent penetration. The proposed 
stabilizing effects of the SEI layer on the active bismuth materials are schematically 
illustrated in Figure 4.19. (a). The unstable SEI layer in KPF6 electrolyte could not 
shield the bulk Bi anode against electrolyte attack, and hence, there is more electrolyte 
decomposition. In contrast, the stable SEI layer in the KFSI electrolyte has better 
mechanical and electrical properties, which could effectively suppress the 
decomposition of the electrolyte, reduce the side reactions, maintain the integrity of 
the electrode, and thus facilitate the easy transport of K ions through the surface layer 
formed on the active components. As a result, the Bi anodes in KFSI electrolyte show 
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enhanced electrochemical performance. To demonstrate the general versatility of salt 
chemistry, both the KFSI and the KPF6 salts were also employed to test various alloy 
based anode materials, including Sn/C and Sb/C in PIBs (Figure.4.21). The cycling 
performance and coulombic efficiency (CE) for the Sn/C and Sb/C are shown in 
Figure 4.19(b-d). Clearly, both the Sn/C and Sb/C electrodes show fast capacity 
decay after a few cycles and have almost lost their electrochemical activity after 15 
cycles in KPF6 electrolyte. In contrast, the Sn/C and Sb/C exhibit a capacity of 150 
mAh g-1 after 30 cycles and 470 mAh g-1 after 50 cycles, respectively, in KFSI 
electrolyte. The CEs of both electrodes in KFSI electrolyte are also higher than in 
KPF6 electrolyte. The results further demonstrate the advantages of KFSI salt in 





Figure 4.19. (a) Schematic illustration of the proposed stabilization effects of 
electrolyte on the SEI layer of Bi/rGO electrode. The cycling performance of (b) Sn/C 
and (c) Sb/C electrodes in KPF6 and KFSI electrolytes at 50 mA g−1, and the 





Figure 4.20. SEM images of of (a) Sn/C and (d) Sb/C electrodes. 
 
 
Figure 4.21. Galvanostatic discharge–charge profiles for the first 3 cycles of Sn/C and 






Figure 4.22. Comparison of the rate performance of our Bi/rGO anode with the 




Table S4.1. Comparison of the electrochemical performance of reported anodes for PIBs. The cycling and rate performance of our obtained 






































Soft carbon 195 NA NA 558 185 at 558 mA/g 
Hard carbon 
microspheres 
262 216 NA 27.9 190 at 558 mA/g [2] 
Reduced graphene 
oxide film 
165 145 NA 10 50 at 100 mA/g [3] 
N-doped Graphene 270 210 NA 100 80 at 200 mA/g [4] 
Polynanocrystalline 
Graphite 
188 130 100 100 43.2 at 500 mA/g [5] 
Tire-derived carbon  
T1100 
192 160 155 138.5 60 at 558 mA/g [6] 
















K2Ti4O9 80 NA NA 100 56 at 500 mA/g 1 M KPF6 in 
PC/EC(v/v=1/1) 
[9] 




M-KTO(K2Ti4O9) 151 92 NA 50 81 at 300 mA/g 1 M KPF6 in 
Diglyme 
[11] 
Sn-C 150 NA NA 25 NA 0.75 M KPF6 in 
DEC/EC 
[12] 




SnS2-rGo 355 NA NA 25 188 at 500 mA/g 0.75 M KPF6 in 
DEC/EC 
[14] 
Sb-C 600 NA NA NA 434 at 175 mA/g 1 M KPF6 in 
PC/EC(w/w=1/1) 
[15] 






K2TP 294 240 NA 200 202 at 500 mA/g 1M KPF6 in 
DME 
[17] 










In summary, Bi-based materials, including pristine Bi and Bi/rGO nanocomposite 
were investigated as anodes for potassium-ion batteries. The Bi electrode undergoes a 
reversible alloying/dealloying mechanism via a solid-solution and two-phase reactions. 
Furthermore, a general and convenient strategy has been explored to enhance the 
electrochemical performance of alloy-based anodes by altering the electrolyte salt. As 
an example, the experimental investigations on Bi/rGO electrodes demonstrate that 
the FSI− anion can protect the electrolyte decomposition and modify the surface 
passivation through the formation of a more uniform, stable, conductive and robust 
SEI, resulting in better cycling performance. Thus Bi/rGO anodes deliver a high 
reversible capacity of 290 mAh g-1 after 50 cycles when KFSI is used as the salt in 
carbonate electrolyte. We hope that our work will contribute to further understanding 
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Chapter Five Antimony nanoparticles embedded in 3D 
amorphous carbon matrix as a novel anode for potassium ion 
batteries 
5.1 Introduction 
With the booming development of electrical energy storage (EES), the demand for 
highly efficient systems has been exacerbated. Technologies for renewable electrical 
energy generation and storage, such as lithium-ion batteries (LIBs) have been 
comprehensively studied.[1-4] The time for the all-pervading application of LIBs has 
come, but the increasing consumption of lithium resources raises the issue of its 
maldistribution. Consequently, it has become urgent to search for substitutes to 
ameliorate this situation.[5] Sodium-ion batteries (SIBs), in recent years, have aroused 
much attention due to the abundance of sodium in nature and the similar chemical 
properties of alkali metals from many aspects. Potassium-ion batteries (PIBs), 
however, represent an even newer type of rechargeable storage system, which shares 
the same fundamental principles with LIBs and SIBs. Moreover, the distribution and 
reserves of potassium resources in the earth’s crust are also even and adequate. On 
comparing the standard electrochemical potential of A/A+ (A = Li, Na, and K), the 
series is Li/Li+ < K/K+ < Na/Na+ (-3.04 V < -2.92 V < -2.71 V), which indicated that 
the working voltage of PIBs is close to that of LIBs. The relatively lower desolvation 
and weaker Lewis acidity of potassium ions in organic electrolyte solvents facilitate 
the better kinetics and rate performance of PIBs.[6, 7] In the last few years, electrode 
candidates for PIBs have been investigated. Prussian blue,[8, 9] amorphous iron 
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phosphate,[10] oxocarbon salt,[11] KVOPO4,[12] organic compounds,[13, 14] and layered 
transition metal oxides,[15-18] have been reported as cathode materials. On the anode 
material side, carbon-based materials have been considered as the major type.[19-26] It 
was demonstrated that the potassium storage mechanism in graphite was the 
staging-behavior for K-graphite intercalation compounds (K-GICs).[19] Another type 
of anode material is alloy-based, which operates based on the alloying/dealloying 
mechanism. To date, Sn,[27-29] Sb,[30] and Bi[31] have been identified as suitable. Decent 
capacities were provided by these aforesaid materials due to their relatively high 
theoretical capacity as well as their optimized morphology or electrolyte selection. 
The stern challenge for the success of PIBs in application is the large radius (1.38 Å) 
and heavy mass (39.09 g/mol) of the K+ ions, which do not offer favorable 
electrochemical kinetics. The problem gets even worse when the size of the electrode 
material is also large. Conceptually, nanostructured materials not only drastically 
shorten the diffusion distance of shuttled ions, but also increase the active surface area 
of the materials, thereby boosting the electrochemical characteristics.[32-34] However, 
the accumulation and volume changes of nanostructured materials during potassiation 
and depotassiation are yet to be overcome. Essential improvement of materials’ 
electrochemical performance must be made via nanocrystallization and structural 
optimization. We, herein, construct a well-designed anode material with high capacity 
and excellent long-term performance in potassium ion batteries, which consists of 
nanosized antimony embedded in a 3D amorphous carbon matrix (Sb@3D-ACM). 
The amorphous carbon matrix provides space to cushion the volume expansion during 
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the potassiation of antimony. In addition, the antimony nanoparticles possess a large 
active surface area that boosts the alloying reaction, while the 3D amorphous carbon 
matrix massively improves the conductivity. This novel idea for configuration design 
gives this alloy-based anode the potential to be a promising candidate for potassium 
ion batteries. 
5.2 Experimental section 
5.2.1 The preparation of Sb@3D-ACM, Sb@AC, and 3D-ACM 
To prepare the Sb@3D amorphous carbon matrix (Sb@3D-ACM), 1.25 g citric acid 
(ACS reagent, ≥ 99.5%, Sigma-Aldrich), 0.57 g SbCl3 (≥ 99.0%, Sigma-Aldrich), and 
7.35 g NaCl (≥ 99.5%, Sigma-Aldrich) were dissolved int 50 ml deionized water with 
continuous stirring to obtain the precursor solution. Liquid nitrogen was used to 
quick-freeze the precursor solution, which was transferred to a freeze-dryer for an 8 h 
freeze-drying process. The obtained precursor was ground to a fine white powder. The 
precursor was then annealed at 650 oC in an Ar/5% H2 atmosphere, with the heating 
rate of 3o/min for 2 h. The as-prepared powder was washed with deionized water and 
ethanol several times, dried in a vacuum oven at 60 oC overnight. The synthesis of the 
3D-ACM and Sb@AC is as same as for the preparation of Sb@3D-ACM without 
adding SbCl3 or NaCl, respectively. The synthesis of Sb@CB is the same route as for 
the Sb/C sample reported in Chapter 4, which consists of directly ball milling the 
commercial antimony powder with carbon black in a weight ratio of Sb:C = 77.5: 12.5. 
The commercial antimony was purchased from Sigma-Aldrich, Inc. 
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5.2.2 Material Characterization 
X-ray diffraction (XRD) measurements were conducted on a MAC Science XRD with 
Cu Kα radiation at a voltage of 40 kV and a current of 25 mA to collect the XRD 
patterns of all the samples. In all cases, the scanning rate was 1° s-1. 
Thermogravimetric analysis was performed on a Mettler Toledo TGA/DSC, with 
heating up to 800 oC at a rate of 5 o/min in air. Raman spectra were collected on an 
instrument (JOBIN YVON HR800) equipped with a 632.81 nm diode laser. The N2 
adsorption-desorption measurements were performed on BET Nova 1000. The 
morphology was observed by field-emission scanning electron microscopy (FESEM, 
JEOL-7500), and the microstructure was detected by transmission electron 
microscopy (TEM, JEOL-2010). 
5.2.3 Electrochemical Characterization 
The working electrodes were prepared by mixing the active material (70%), Super P 
carbon black (20%), and sodium carboxymethyl cellulose (CMC) binder (10%) with a 
few drops of deionized water to form a slurry, which was coated onto copper foil and 
dried at 80 oC under vacuum for 8 h. The electrode was then pressed under 20 MPa 
and cut into discs. Potassium foil was used as the counter electrode for the coin cells, 
which were assembled inside a glove box with argon atmosphere. The electrolyte was 
1.0 M potassium bis(fluorosulfonyl)imide (Strem Chemcials Inc., 98.0%) dissolved in 
ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 v/v). Cyclic voltammetry (CV) 
was performed from 0.01-2.0 V vs. K/K+ at 0.05 mV s-1 on a Biologic VPM3 
electrochemical workstation. Galvanostatic discharge-charge measurements were 
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conducted on a Land CT2001A battery tester over the voltage range of 0.01-2.0 V vs. 
K/K+. 
5.3 Results and discussion 
5.3.1 Physical characterization of materials 
The X-ray diffraction (XRD) patterns of Sb@3D-ACM, Sb@AC, and commercial 
antimony powder are shown in Figure 5.1a and Figure 5.2a. All the diffraction 
patterns are well indexed to ICSD No. 85-1324 which is assigned to the hexagonal 
phase of antimony (space group R-3m), and no impurities were observed. The XRD 
results indicate that the initial reagent SbCl3 was completely reduced to metallic 
antimony. 
Raman spectroscopy was used to investigate the structural properties of the pure 3D 
amorphous carbon matrix and the carbon matrix in Sb@3D-ACM and Sb@AC 
(Figure 5.1b). Raman peaks located at 1317.06 and 1585.58 cm-1 are assigned to the 
D-band and G-band, which can be indexed to the sp3-hybridized amorphous carbon 
and sp2-hybridized graphitic carbon, respectively. The ratios of the intensity of the 
D-band to that of the G-band (ID/IG) in pure 3D-ACM, Sb@3D-ACM, and Sb@AC 
are 1.15, 1.16, and 1.11 (Table S5.1), respectively, implying a higher degree of 
disorder and larger defects in both 3D-ACM and Sb@3D-ACM. These results 
demonstrated that the carbon matrix in Sb@3D-ACM is virtually pure 3D-ACM. The 
SEM images shown in Figure 5.1c, d suggest that the integrated structure of the 3D 
amorphous carbon matrix is well inherited from the cubic morphology of the NaCl 
template. Moreover, the porous open structure of the carbon matrix can help the 
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infiltration of electrolyte and insure high K+ transfer efficiency by increasing the 
active surface area and reducing the length of the diffusion paths. The mass content of 
antimony in Sb@3D-ACM was analyzed by TGA, and the weight ratio of the 3D 
amorphous carbon matrix was found to be about 30% (Figure 5.3). Figure 5.1e, f 
shows the N2 sorption isotherm and the pore size distribution of Sb@3D-ACM. The 
specific surface area of Sb@3D-ACM is 129.7 m2 g-1, which corroborates the 
observation of the porous open structure in Sb@3D-ACM from SEM images. 
 
 
Figure 5.1 a) XRD pattern and b) Raman spectra of Sb@3D-ACM, Sb@AC, and 
3D-ACM; c, d) SEM images of Sb@3D-ACM, low and high resolution, respectively; 
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e) N2 adsorption/desorption isotherm of Sb@3D-ACM, the surface area is 129.7 m2 
g-1; f) Pore size distribution of Sb@3D-ACM. 
 
 
Figure 5.2 a) XRD pattern and b) SEM image of commercial antimony powder; SEM 





Figure 5.3 TGA profile of Sb@3D-ACM; the carbon content ratio is about 30 wt.%. 
 
Table S5.1 The D-band and G-band intensities, and their ID/IG ratios from the Raman 
spectra of 3D-ACM, Sb@3D-ACM, and Sb@AC. 
 
 
The detailed characterization of the morphology was further investigated via HRTEM 
coupled with EDX mapping, as shown in Figure 5.4. The average size of the 
antimony particles is about 20-40 nm. Under the high resolution TEM, the mesopores 
on the amorphous carbon matrix can be clearly observed (Figure 5.4b). Similar 
structural characteristics of the amorphous carbon can be seen in the pure 3D 
amorphous carbon matrix (Figure 5.5) The EDX mapping shows that the elemental 

























distributions are uniform in Sb@3D-ACM sample, which confirms the presence of Sb 
and C (Figure 5.4c). As further shown in Figure 5.4d, lattice spacing of 0.31 nm is 
observed in a single antimony particle, which matches the (012) planes. This evidence 
demonstrates that the 3D amorphous carbon matrix would create the conditions for 
buffering the drastic volume expansion during the potassiation and enhance the 




Figure 5.4 a, b) Low and high resolution TEM images of Sb@3D-ACM; c) Elemental 
distribution obtained from EDX spectroscopy mapping of Sb@3D-ACM; d) HRTEM 
image of Sb nanoparticle in Sb@3D-ACM; e) Selected area electron diffraction 





Figure 5.5 The morphology of 3D-ACM a) SEM image and b) TEM image. 
 
5.3.2 Electrochemical performance 
The electrochemical properties of the as-prepared samples were investigated using 1 
M KFSI in DEC/EC electrolyte within the voltage range of 0.01-2.0 V. In Figure 5.6a, 
a comparison of the cycling performances at 50 mA g-1 is presented. The initial charge 
capacities of Sb@3D-ACM, Sb@AC, and Sb@CB were 579, 541, and 441 mAh g-1, 
respectively. After 100 cycles, the corresponding retention rates were 98.6%, 88.3%, 
and 51.9%, respectively, indicating the superior stability of Sb@3D-ACM. Notably, 
Sb@CB shows a better Coulombic efficiency compared to Sb@3D-ACM and 
Sb@AC. The slumping of the capacity and high Coulombic efficiency in Sb@CB 
may be due to the higher content of antimony (77.5 wt.%) in the composite. The rate 
performances were also compared between Sb@3D-ACM and Sb@AC at various 
current densities. As shown in Figure 5.6c, Sb@3D-ACM delivered the capacities of 
589, 471, 424, 365, and 320 mAh g-1 at current densities of 50, 100, 200, 500, and 
1000 mA g-1, respectively. The capacity was restored to 604 mAh g-1 when the current 
density was returned to 50 mA g-1, which indicates a good rate capability compared to 
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the capacities of 532, 342, 268, 192, 117, and 534 mAh g-1 at the same rates in 
Sb@AC. Galvanostatic charge/discharge profiles of Sb@3D-ACM under various 
current densities in Figure 5.6d show a good reproducibility at different rates. The 
cyclic voltammetry curve of Sb@3D-ACM vs. K in a half-cell for the first 5 cycles at 
the scanning rate of 0.1 mV s-1 is shown in Figure 5.6e. Two obvious redox pairs can 
be observed during the potassiation /depotassiation, corresponding to 0.69/0.15 V and 
1.13/0.66 V, respectively. The overlapping of the curves for the subsequent cycles 
indicates good reversibility and stability of the whole process in the range of 0.01-2.0 
V. The excellent reversibility is further demonstrated by the galvanostatic 
charge/discharge profiles of Sb@3D-ACM at 50 mA g-1, even after 100 cycles 
(Figure 5.6f). When the current density is set as high as 1000 mA g-1, the capacity is 





Figure 5.6 a) Cycling performance comparison of Sb@3D-ACM, Sb@AC, Sb@CB, 
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and Sb-bulk at 50 mA g-1; b) Coulombic efficiency comparison of Sb@3D-ACM, 
Sb@AC, and Sb@CB; c) Rate performances of Sb@3D-ACM and Sb@AC under 
current densities of 50, 100, 200, 500, 1000, and 50 mA g-1; d) Galvanostatic 
charge/discharge profiles of Sb@3D-ACM under various current densities; e) Cyclic 
voltammetry profiles of Sb@3D-ACM vs. K in a half-cell at the scanning rate of 0.1 
mV s-1 within the voltage range of 0.01-2.0 V; f) Galvanostatic charge/discharge 
profiles of Sb@3D-ACM at 50 mA g-1 within the voltage range 0.01-2.0 V; e) Cycling 
performance and the corresponding Coulombic efficiency of Sb@3D-ACM, at a high 
current density of 1000 mA g-1. 
 
5.3.3 Morphology change of the after-cycled Sb@3D-ACM electrode 
To further investigate the morphology changes of the Sb@3D-ACM electrode after 
cycling, SEM and HRTEM were used to observe the Sb@3D-ACM electrodes after 
cycling. SEM images of the fresh electrode and the electrode after-cycling (100 cycles) 
are shown in Figure 5.7a and b. After 100 cycles, the electrode remains homogeneous 
and keeps its integrity, with a compact SEI layer uniformly covering the surface. More 
information on the morphology change was derived via HRTEM. As shown in Figure 
5.7c, antimony particles with a size of 20-40 nm were uniformly embedded in the 
amorphous carbon matrix, and a similar result was observed in Figure 5.4. Even after 
over 100 cycles, the antimony particles remained in the same size range (Figure 5.7d). 
A few smaller particles (around 10 nm) can be seen in Figure 5.7d, which may due to 
some moderate pulverization of antimony during the potassiation /depotassiation. This 
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visual evidence proves that the 3D amorphous carbon matrix provides flexible space 
and restrains the dramatic volume expansion of the antimony when the 




Figure 5.7 Morphology comparison of Sb@3D-ACM electrode material via SEM: a) 
fresh, b) after 100 cycles, and via HRTEM: c) fresh, d) after 100 cycles. 
 
5.4 Conclusion 
To sum up, Sb@3D-ACM, synthesized via a flux method, was introduced as an anode 
with superior performance for potassium ion batteries. Aided by its 3D amorphous 
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carbon matrix, which has a high degree of disorder and large active surface area, 
Sb@3D-ACM can deliver a high reversible capacity of 579 mAh g-1 with capacity 
retention of 98.6 % after 100 cycles. This excellent electrochemical property also 
benefits from the small size of the antimony nanoparticles. It is worth mentioning that 
the 3D amorphous carbon matrix significantly promotes the conductivity of the 
electrode material and plays a role in accomodating the volume expansion and 
shrinkage during potassiation and depotassiation. This conclusion was further verified 
via ex situ SEM and TEM, which provide clear evidence that the antimony 
nanoparticles retain their integrity even after 100 cycles. Moreover, it has been proved 
by the results that this unique configuration of anode materials has a much better 
electrochemical performance compared to Sb@AC and Sb@CB, which have 
reversible capacity of 541 mAh g-1 and 441 mAh g-1, which represent capacity 
retention of 88.3% and 51.9% after 100 cycles, respectively. In addition, this 
alloying-based anode was further enhanced by using KFSI electrolyte salt, as reported 
in Chapter 4 of this thesis. However, this work can be further improved by involving 
more comprehensive material characterizations, particularly in investigating the 
potassium storage mechanism of antimony anode as well as the pseudocapacitive 
behavior from the 3D amorphous carbon matrix that has a large surface area. We hope 
that this work will provide insight to further research on this type of anode to enable 
better application in potassium ion batteries. 
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Chapter Six Structural insight into layer gliding and lattice 
distortion in layered manganese oxide electrodes for potassium 
ion batteries 
6.1 Introduction 
The efficient use of electricity generated from renewable energy sources is important 
in addressing rising global energy demands and environmental issues. The demand for 
improved energy storage is driven by commercial and industrial applications such as 
in portable electronic devices as well as the booming electric vehicle industry and 
load balancing of power grids. Current growth rates in lithium-ion battery (LIB) 
manufacturing are not sustainable given our limited lithium resources. In this context, 
alternative battery systems with low cost are sought, with sodium- and potassium-ion 
batteries (SIBs and PIBs, respectively) regarded as suitable replacements due to the 
high natural abundance of sodium and potassium and their similar working 
mechanism to LIBs.[1] Of these, PIBs are more promising due to the closeness of the 
K+/K redox potential (-2.9 V vs. H+/H2O) to that of Li+/Li (-3.0 V vs. H+/H2O), as 
compared to Na+/Na (-2.7 V vs. H+/H2O), and the consequential ease of reversible K+ 
intercalation into the most common LIB negative electrode, graphite.[2-4]  
The slow kinetics of the reversible insertion of K+ in electrode materials as a result of 
its relatively large ionic radius of 1.38 Å is a major issue for the realization of high 
performance PIBs.[5-7] For PIB technology to be successful, scientists need to find 
stable electrode materials capable of reversibly hosting K+ relatively quickly. 
Transition metal layered oxides possess a two-dimensional structure that can 
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accommodate large ions and are attracting interest as potential PIB electrode 
materials.[8-14] Among these, manganese layered oxides are particularly promising due 
to the high natural abundance and non-toxicity of manganese. A range of layered 
KxMnO2 structure types can be prepared[15, 16] including orthorhombic P2 and P''2 
types, the hexagonal P3-type, and the monoclinic P'3-type, whose formation can be 
controlled by synthesis conditions.[15] Reasonable electrochemical performance was 
reported for electrodes produced using K0.3MnO2 with the P2-type orthorhombic 
structure[17] and K0.5MnO3 with the P3-type hexagonal structure,[18] however, both 
these materials suffer from poor rate capability and have phase transformations at low 
K content that reduce cycle life. In situ X-ray powder diffraction of P3-type K0.5MnO2 
showed the reversible transformation from the P3 to the O3-type structure at very low 
potassium content, with further K+ extraction leading to irreversible transformation to 
an unknown structure.[18] 
Strong cooperative Jahn-Teller distortions due to high-spin Mn3+ (3d4) in layered 
LixMnO2 and NaxMnO2 lead to lowering from rhombohedral to monoclinic symmetry 
and structural deterioration,[19, 20] with this likely to occur also in the layered KxMnO2 
material. Transition metal doping has successfully addressed this issue in manganese 
layered oxides,[19-23] with the substitution of Mn3+ by Mg, Al, Ni, Cr, and Co reducing 
Jahn-Teller distortion in layered LixMnO2 and NaxMnO2.[24, 25] However, the 
straightforward and successful approaches applied to LIBs/SIBs may not be suitable 
for PIBs because the larger K+ induce more complex electrochemical behaviours and 
structural evolutions. Although several studies have examined transition metal 
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substitution in KxMnO2, no detailed structural evolution upon electrochemical cycling 
was reported,[26-28] and the effects of Jahn-Teller distortion in layered KxMnO2 remain 
unknown. Therefore, further studies aimed to understand the KxMnO2 structure 
changes that occur upon charge/discharge cycling and further improve its 
electrochemical performance are highly desirable. 
In this work, KxMnO2 with the monoclinic P'3-type structure was synthesized and 
evaluated as a PIB electrode. The reversible K+ intercalation mechanism was 
investigated using in operando synchrotron X-ray powder diffraction (SXRPD) and 
the K+ insertion mechanism found to differ to that of the related P3-type K0.5MnO2 
material. Furthermore, the replacement of ~ 5% Mn with Co produced the P'3-type 
KxMn1-yCoyO2 electrode material, with enhanced rate cyclability and capacity 
retention within a PIB, as a result of reduced cooperative Jahn-Teller distortion. This 
work provides insights in the structural evolution of manganese-based layered 




6.2 Experimental section 
6.2.1 Synthesis of K0.3MnO2 and K0.3Mn0.95Co0.05O2 
The layered oxide materials were synthesized via a sol-gel method using KOH 
(semiconductor grade, pellets, 99.99%, Sigma-Aldrich), Mn(CH3COO)2•4 H2O 
(purum p.a., ≥ 99.0%, Sigma-Aldrich) and Co(CH3COO)2•4 H2O (ACS reagent, ≥ 
98.0%, Sigma-Aldrich) as precursors with citric acid (ACS reagent, ≥ 99.5%, 
Sigma-Aldrich) as a chelating agent. For K0.3MnO2, the molar ratio of KOH: 
Mn(CH3COO)2•4 H2O : citric acid was 0.6 : 1 : 10.4 and for K0.3Mn0.95Co0.05O2 the 
molar ratio of KOH : Mn(CH3COO)2•4 H2O : Co(CH3COO)2•4 H2O : citric acid was 
0.6 : 0.95 : 0.05 : 10.4. All agents were homogeneously mixed with few milliliters of 
deionized water with the transparent gel that first formed transforming into a 
semi-solid plaster-like mixture. The resulting mixture was dried in an oven at 150 °C 
for 3 h and subsequently calcined in a muffle furnace at 600 °C for 2 h, before 
calcination at 800 °C for 12 h, using a heating rate of 3 °C min-1. The as-prepared 
product was then cooled to ~200 °C and immediately transferred into an argon-filled 




6.3 Materials characterization 
6.3.1 Structural characterization of the as-synthesized samples 
For K0.3MnO2, X-ray powder diffraction (XRPD) data were collected on the powder 
diffraction (PD) beamline at the Australian Synchrotron at the wavelength λ = 0.8275 
Å in a 0.3 mm diameter borosilicate capillary.[1, 2] Neutron powder diffraction (NPD) 
data were collected on the ECHIDNA[3] diffractomer (OPAL, ANSTO) at the 
wavelength λ = 1.62230(6) Å in a 9 mm vanadium can. For K0.3Mn0.95Co0.05O2, 
XRPD data were collected on a D8 Bruker diffractometer at the wavelength λ = 
1.5406 Å in a 0.2 mm diameter borosilicate capillary and NPD data were collected on 
the ECHIDNA diffractomer (OPAL, ANSTO) using neutrons with the wavelength λ = 
2.44164(10) Å in a 9 mm vanadium can. Phase identification was performed using 
crystal structures from the ICSD[4] and ICDD[5] databases. Radiation wavelengths at 
the AS and ECHIDNA instruments were determined using the La11B6 National 
Institute of Standards and Technology’s Standard Reference Material 660b. 
Joint Rietveld refinement using the synchrotron X-ray + neutron powder diffraction 
data were performed using the JANA2006 software.[6] Due to strong correlation 
between site occupancy and atomic displacement parameters, the site occupancy 
factor of K was fixed so that the unit-cell formula remained at the K0.3MO2 (M = Mn 
+ Co) composition determined from inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) measurements performed on water-washed samples. 
Secondary phases K2CO3,[7] as well as the P2-type K0.51Mn0.94O2[8] in the case of the 
cobalt-doped sample, were included in the phase description of NPD data and their 
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atomic parameters fixed. As these phases contribute only weakly to diffracted 
intensities they did not interfere with the refinement of the layered phase structure. 
6.3.2 Morphological and surface chemical characterization 
Morphological features of the samples were investigated using field-emission 
scanning electron microscopy (FESEM; JEOL-7500). Atomic-level images and 
elemental mapping were obtained using a high-resolution scanning transmission 
electron microscopy (STEM) using energy-dispersive X-ray (EDX) analysis (JEOL 
JEM-ARM200F, 200kV). X-ray photoelectron spectroscopy (XPS) was conducted on 
a VG Multilabel 2000, using a vacuum transfer module to prevent moisture exposure. 
6.3.3 Electrochemical measurements 
Electrochemical characterization was conducted using CR2032 coin-cells. Working 
electrodes were prepared by mixing 70 wt.% active material, 20 wt.% carbon black 
(fine powder, TIMCAL), and 10 wt.% polyvinylidene difluoride (powder, 
Sigma-Aldrich) in N-Methyl-2-pyrrolidone (anhydrous, 99.5%, Sigma-Aldrich) to 
form a slurry. The slurry was then coated onto aluminum foil and dried at 120 °C for 
12 h under vacuum to remove residual solvent. The vacuum is maintained until the 
temperature is below 40 °C and the printed electrode in then pressed under 300 
kg.cm-2 pressure. The electrode mass loading was about 1.2 g cm-2. Coin cells were 
assembled in an argon-filled glove box with water and oxygen content below 0.1 ppm. 
Potassium metal was used as the counter electrode. The electrolyte was 0.8 M KPF6 
dissolved in diethyl carbonate/ethylene carbonate (Sigma-Aldrich, anhydrous ≥ 99.0%, 
1:1 v/v). Galvanostatic charge/discharge were carried on a LAND CT2001A tester 
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(China). Cyclic voltammetry (CV) was performed on a Biologic VPM3 
electrochemical workstation. All testing was conducted after performing 5 cycles at 
22 mA g-1. Measurements were conducted in the voltage range 2.0-3.6 V at 0.1 mV s-1 
and rate performance was conducted at 22, 43, 87, 173, 260, 347, 440mA g-1 in the 
2.0-3.6 V voltage range. Long-term cycling tests were conducted at 173 mA g-1 
(Figure 6.13f). The weight of inactive impurity phases was excluded in all 
electrochemical test results. 
The galvanostatic intermittent titration technique (GITT) was performed on coin cells 
containing KxMn0.95Co0.05O2 and KxMnO2 to investigate the diffusion of K+ in these 
electrodes. All measured coin cells were activated with a current density of 22 mA g-1 
10 times before testing. The electrodes were charge/discharged for 10 min at a pulse 
current of 22 mA g-1 and relaxed for 2 h to approach equilibrium potential. The 
effective diffusion coefficient (Deff) was calculated for each pulse/relaxation step 















where ∆Es (V) is the difference between the equilibrium potential before and after the 
current pulse; ∆Eτ (V) is the difference between the potential under current at the start 
and end of the current pulse, neglecting ohmic overpotential; τ (s) is the duration of 
the current pulse; mB is the mass of the active material in the electrode; VM and MB are 
the molar volume and molar mass of the active material, respectively, VM/MB is the 
reciprocal of the active material density; S is the electrode surface area (cm2) as 
reported in the experimental section. 
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6.3.4 Stability after extended cycling 
To confirm the stability of the material over extended cycling, KxMnO2 and 
KxMn0.95Co0.05O2 electrodes were recovered from coin cells cycled 100 times at 173 
mA g-1 within 2.0-3.6 V. The coin cells were disassembled in an Ar-filled glovebox 
and XRPD was performed on the electrode covered with Kapton tape to prevent 
exposure to air. Samples for STEM analysis were also prepared in an Ar-filled 
glovebox and a sample transfer container used to protect the samples from air. 
6.3.5 In operando X-ray powder diffraction 
CR2032 coin cells were used for in operando synchrotron X-ray powder diffraction 
measurements with 5 mm diameter holes on each side that were sealed with Kapton 
tape with an internal component assembly identical to those used for electrochemical 
measurements. In operando X-ray powder diffraction was performed on the PD 
beamline at the Australian Synchrotron. Data were collected during galvanostatic 
cycling every 4.7 min at a wavelength 0.68899(5) Å, determined using the La11B6 
National Institute of Standards and Technology Standard Reference Material 660b. 
The galvanostatic charge/discharge was conducted using a battery tester (Neware, 
China) in the voltage window 1.5-3.9 V. 
The relative amount of inserted/removed potassium Δx was calculated using: 
∆𝑄 = 𝐼 × ∆𝑡 = ℱ × 𝑛(𝐾𝑥𝑀𝑂2) × ∆𝑥 
Where ΔQ is the change in stored capacity (mA h), I is the applied current (mA), Δt is 
the time between two states-of-charge (h), F is the Faraday constant (mA h mol-1), 
n(KxMO2) is the amount of layered oxide material (mol), and Δx is the change in 
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embedded potassium, from KxMnO2 to Kx-ΔxMnO2 so that I and Δx are positive during 
charge and negative during discharge. The values given in Figures 6.13 and 6.16 
were calculated assuming K0.3MnO2 as the starting composition. We note that the 
actual starting composition of the material before cycling is likely higher due to an 
unknown amount of self-discharge. We chose not to apply any approximate correction, 
meaning that compositions may be slightly shifted in x although the relative change of 




6.4 Results and discussion 
6.4.1 Crystalline structure and molecular formula determination 
P'3-type pure and cobalt-doped KxMnO2 were synthesized by a sol-gel method. The 
structure of as-synthesized samples was examined using neutron powder diffraction 
(NPD) and X-ray powder diffraction (XRPD) as shown in Figure 6.1 and Figure 6.2, 
respectively. Data for KxMnO2 (Figure 6.1a, Figure 6.2a) could be indexed with a 
monoclinic unit-cell with lattice parameters a = 5.1313(4) Å, b = 2.84822(15) Å, c = 
6.5976(4) Å, β = 103.898(5)° of space-group symmetry C2/m. Data for KxMnyCo1-yO2 
(Figure 6.1b, Figure 6.2b) could be indexed to a hexagonal unit-cell with lattice 
parameters a = 2.88166(7) Å and c = 19.1927(6) Å and space group symmetry R3̅m. 
These unit-cells are similar to those previously reported for monoclinic P'3-type 
K0.5MnO2[15] and hexagonal P3-type K0.5MnO2.[18] In the P3-type layered structure, 
oxygen ions are stacked in an ABBCCA sequence along the [001] direction, and each 
layer is alternatively occupied by octahedrally coordinated Mn3+/4+ and prismatically 
coordinated K+. The P'3-type monoclinic structure is a distortion of the P3-type 
hexagonal one in which MnO6 octahedra deform due to strong Jahn-Teller effects 
from Mn3+ (d4 electronic configuration).[15] In the monoclinic setting (smallest β angle) 
used throughout this work, the monoclinic and hexagonal unit-cells are related: 










Reflections arising from the impurity phase K2CO3[29] are observed in the NPD data 
for both samples and reflections arising from orthorhombic P2-type K0.51Mn0.94O2[5] 
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are observed only in NPD data of the cobalt-doped sample. The presence of secondary 
P2-type KxMnO2 phase has previously been reported in P3-type K0.5MnO2 samples[18] 
and visual comparison between XRPD data of this and our work suggests improved 
purity of our material, noting also the increased sensitivity of NPD toward K2CO3 
(Figure 6.2a, b). 
 
 
Figure 6.1. Rietveld refinement profiles using neutron powder diffraction data of 
as-synthesized a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2, where vertical lines are 
reflection markers for each phase and the refined crystal structure of the main phase is 
shown inset with potassium in orange, manganese in blue, and oxygen in red; c) 
STEM dark field image of K0.3Mn0.95Co0.05O2 showing (001) planes; d) SEM image of 
K0.3Mn0.95Co0.05O2 particles; e) Elemental distribution obtained from EDX 





Figure 6.2 Rietveld refinement profiles using X-ray powder diffraction (XRPD) data 
of as-synthesised a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2. For improved clarity the 
background has been subtracted. Vertical lines are reflection positions for each phase. 
The K2CO3 phase was excluded from the refinement. 
 
The K/M (M = Mn + Co) ratio determined from inductively-coupled plasma – optical 
emission spectroscopy (ICP-OES) for the as-synthesised materials is ~ 0.5, which is 
close to that expected, noting that due to the presence of K2CO3 the K content of the 
layered oxide is unknown. As potassium carbonate readily dissolves in water, 
ICP-OES was repeated for the powders washed with water and the K/M ratio was 
determined to be ~ 0.3, consistent with that determined from energy-dispersive X-ray 
(EDX) spectroscopy (Figure 6.3a, b). The Mn:Co determined from EDX 
spectroscopy is close to 0.95:0.05 in the doped sample, suggesting K0.3MnO2 and 
K0.3Mn0.95Co0.05O2 compositions for the two samples. X-ray photoemission 
spectroscopy (XPS) (Figure 6.3c, d, e) was used to identify the surface chemical 
composition and the related valence states of Mn and Co. The peaks at 653.8 and 
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642.0 eV are assigned to Mn 2p3/2 and Mn 2p1/2, respectively. The Mn3+:Mn4+ in 
K0.3MnO2 is found to be ~ 0.3:0.7, while that in K0.3Mn0.95Co0.05O2 is ~ 0.25:0.7, 
which further confirms the K content in the layered phase as 0.3. As the washing 
procedure was found to severely affect the crystallinity of the layered phase due to 
water intercalation and the structure is not fully recovered after drying, no washing of 
the samples was performed for other measurements (Figure 6.4), with in operando 
diffraction measurements confirming the inactivity of impurity phases during cycling. 
 
 
Figure 6.3 EDX spectrum of as-synthesized a) K0.3MnO2, and b) K0.3Mn0.95Co0.05O2; 
high-resolution XPS spectrum at the c) Mn 2p edge for K0.3MnO2; d) Mn 2p and e) 





Figure 6.4 XRPD data of K0.3MnO2 as-synthesized and after washing with water. The 
broad signal around 20° arises from the Kapton tape used to isolate samples from the 
air. 
 
Table S6.1 Refined atomic coordinates of the structure of K0.3MnO2 from joint 
Rietveld refinement against NPD and XRPD data with overall weighted profile 
R-factor Rwp = 2.88% and goodness-of-fit χ2 = 2.86. Displacement parameters were 
refined anisotropically for the oxygen atom and the calculated equivalent isotropic 
parameter (Biso) is given for reference. Estimated standard deviations are reported in 
parentheses as corrected for local correlations after Bérar and Lelann.[11] *Site 
occupancy factor. 
C2/m   a = 5.1313(4) Å   b = 2.84822(13) Å   c = 6.5976(4) Å   β = 103.898(6)° 
Atom x y z SOF* Biso (Å 2) β11 β22 β33 β13 
Mn 0 0 0 1 0.65(4)     
O 0.3935(4) 0 0.1571(2) 1 1.61(4) 0.0342(8) 0.0166(15) 0.0106(4) 0.0178(5) 




Table S6.2 Refined atomic coordinates of the structure of K0.3Mn0.95Co0.05O2 joint 
Rietveld refinement against NPD and XRPD data with overall weighted profile 
R-factor Rwp = 1.84% and goodness-of-fit χ2 = 1.85. Estimated standard deviations are 
reported in parentheses as corrected for local correlations after Bérar and Lelann.[11] 
*Site occupancy factor. 
R?̅?m   a = 2.88166(7) Å   c = 19.1927(6) Å 
Atom X y z SOF* Biso (Å 2) 
Mn 0 0 0 0.95 0.42(4) 
Co 0 0 0 =1-SOF (Mn) = Biso(Mn) 
O 1/3 2/3 0.05196(5) 1 1.33(4) 
K 0 0 0.1663(3) 0.15 0.98(14) 
 
Table S6.3 Mn-O and Co-O distances in the literature and average distances 
calculated assuming K0.3MO2 (M = Mn + Co) composition. Despite Co3+ resulting in 
weak Jahn-Teller effects, the average value was considered as they are negligible 
compared to this effect for Mn4+. 
Ion or ionic mixture M 
M-O distances for M in 
octahedral coordination (Å) 
Reference 
Mn3+ (High-spin) 4 × 1.930 and 2 × 2.282 [11] 
Mn4+ 1.91 [12] 
Co3+ (Low-spin) 1.925 (averaged) [13] 
0.7 Mn4+ + 0.3 Mn3+ 
in K0.3MnO2 











The crystal structure of K0.3MnO2 and K0.3Mn0.95Co0.05O2 were refined using joint 
Rietveld refinement against NPD and XRPD data. Refined atomic coordinates are 
given in Table S6.1 and S6.2 and representations of refined structures are given in 
Figure 6.1a and b. The refined mass ratio of crystalline phases yields a composition 
of 86.7 wt.% K0.3MnO2 and 13.3 wt.% K2CO3 for the pristine sample and 86.6 wt.% 
K0.3Mn0.95Co0.05O2, 7.5 wt.% K2CO3 and 5.9 wt.% K0.51M0.94O2 for the cobalt-doped 
sample. The total K/M (M = Mn + Co) atomic ratio of the as-synthesised powder is 
close to 0.5, corresponding to that estimated from ICP-OES and confirming the 
estimated composition to be K0.3MO2.  
The results confirm the P'3 and P3 stacking organization in the pristine and Co-doped 
material, respectively, with K+ occupying prismatic sites of the interlayer in both 
materials. In monoclinic K0.3MnO2, the MnO6 octahedra have two elongated opposite 
bonds (D4h point group) along the [502] direction of the monoclinic lattice, whereas 
those in hexagonal K0.3Mn0.95Co0.05O2 have equal bond lengths. Refined Mn-O 
distances are 4 × 1.9181(11) Å and 2 × 2.086(17) Å in K0.3MnO2, and 6 × 1.9401(5) Å 
in K0.3Mn0.95Co0.05O2. These values are close to those calculated from distances 
reported (Table S6.3). For K0.3MnO2, the refinement figures of merit improved upon 
the introduction of anisotropic displacement parameters for the oxygen; the 
displacement is largest along the longer M-O bonds (Figure 6.5a), likely as a result of 
the mixed occupation of Mn3+ and Mn4+ at transition metal sites. On the other hand, 
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the refinement of anisotropic displacement parameters for K0.3Mn0.95Co0.05O2 did not 
improve the figures of merit. 
The cooperative Jahn-Teller distortion of MnO6 octahedra is responsible for the 
monoclinic symmetry of K0.3MnO2 as the directionality of the deformation results in 
an a/b ratio (1.80 Å) larger than the ideal value √3 for a pristine hexagonal lattice. The 
substitution of Mn by Co results in the suppression of the cooperative Jahn-Teller 
distortion in K0.3Mn0.95Co0.05O2. Although Mn-O distances in K0.3Mn0.95Co0.05O2 are 
constant at long-range, calculated distances suggest that Jahn-Teller active Mn3+ is 
present, but that distortions are not cooperative (Figure 6.5b). The suppression of the 
cooperative effect is probably the result of 1) a smaller amount of Mn3+ as the 
Co4+/Co3+ redox couple is more oxidising than Mn4+/Mn3+, and 2) increased disorder 
at the transition metal site from the random mixing of Co and Mn. 
The distortion also extends to KO6 prisms which are more distorted in K0.3MnO2 than 
in the cobalt-doped sample. Average refined K-O bond lengths (2.76(2) Å in 
K0.3MnO2 and 2.760(5) Å in K0.3Mn0.95Co0.05O2) are close to those usually observed 
in other ionic compounds (2.76 Å).[30] No superstructure reflections appear in powder 
diffraction data, suggesting that all prismatic sites of the interlayer are 
crystallographically equivalent. This corresponds to a statistical occupation of 15% by 
K. This does not preclude the existence of ordering at short-range, to minimize K+-K+ 
repulsions for example due to the close proximity of neighboring prismatic sites. The 
large refined value for the isotropic atomic displacement parameter of K may arise 





Figure 6.5 Representation of distorted MnO6 octahedra in a) K0.3MnO2 and b) 
K0.3Mn0.95Co0.05O2. Mn is blue and oxygen ions (red) are shown with anisotropic 
displacement ellipsoids (70%), emphasising a larger displacement along the elongated 
bonds. 
 
From the refined unit-cells, the distance between two layers is 6.40 Å in both 
K0.3MnO2 and K0.3Mn0.95Co0.05O2, which suggests a smaller amount of potassium than 
previously reported for the P3-type K0.5MnO2 material (6.36 Å).[18] The interplanar 
distance is confirmed using scanning transmission electron microscopy (STEM) that 
shows clear lattice fringes between (001) planes (Figure 6.1c and Figure 6.6a). 
Combined STEM with EDX spectroscopy mapping shows that elements are 
uniformly distributed in the layered oxide phase. The grain morphology of 
as-synthesized samples was investigated using scanning electron microscopy (SEM), 
and both K0.3Mn0.95Co0.05O2 (Figure 6.1d) and K0.3MnO2 (Figure 6.6b) are found to 





Figure 6.6 a) SEM image of K0.3MnO2 particles; b) STEM image of K0.3MnO2 
showing (001) planes; c) Elemental distribution from EDX spectroscopy mapping of 
K0.3MnO2. 
 
6.4.2 Potassium storage performance 
Electrochemical measurements were first performed over the voltage window 1.5-3.9 
V (Figure 6.7). The capacity at 22 mA g-1 is 132 mA h g-1 and 97 mA h g-1 (Figure 
6.7c-d) for KxMn0.95Co0.05O2 and KxMnO2, respectively. However, the cycling is not 
completely reversible, as evidenced by the non-overlapping initial and subsequent 
cyclic voltammetry (CV) profiles (Figure 6.7a-b), and results in fast capacity fade, 
with ~ 50% capacity remaining after 30 cycles for both K0.3Mn0.95Co0.05O2 and 
K0.3MnO2 (Figure 6.7e). This capacity fade is similar to that observed for hexagonal 
P3-type K0.5MnO2,[18] involving a phase transformation that is partially irreversible at 
high voltage. This phase transformation is the formation of the phase "X" described in 
the in operando SXRPD section, associated with the cathodic peak at ~ 3.8 V and 
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Figure 6.7 Cyclic voltammetry curves of a) K0.3Mn0.95Co0.05O2 and b) K0.3MnO2 vs. K 
in half-cells at 0.1 mV.s-1 and galvanostatic charge/discharge profiles of c) 
K0.3Mn0.95Co0.05O2 and d) K0.3MnO2, e) discharge capacity over the first 30 cycles for 
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K0.3Mn0.95Co0.05O2 and K0.3MnO2 at 22 mA g-1 over the extended voltage window 
1.5-3.9 V. 
 
Although the capacity of K0.3MnO2 is slightly smaller, better long-term performance 
is obtained when cycling in the restricted voltage range 2.0-3.6 V. The CV and 
galvanostatic cycling (GC) profiles obtained in this range for K0.3Mn0.95Co0.05O2 and 
K0.3MnO2 are shown in Figure 6.8a, 6.8b and 6.8c. We note inconsistencies in the 
profiles during the first five or so cycles between different batteries, with the 
performance stabilizing afterwards. This could be attributed to many factors such as 
instability of the newly formed solid electrolyte interphase (SEI) film, where the 
electrolyte was not optimized for the K-ion chemistry. Spontaneous reduction of the 
electrode material before cycling was demonstrated by in situ XRPD (Figure 6.9). 
Nevertheless, the cycling eventually stabilizes and the coulombic efficiency is close to 





Figure 6.8. a) Cyclic voltammetry profiles of K0.3Mn0.95Co0.05O2 and K0.3MnO2 vs. K 
in a half-cell at a scan rate of 0.1 mV.s-1; galvanostatic charge/discharge profiles at 22 
mA g-1 within the voltage range 2.0-3.6 V for b) K0.3Mn0.95Co0.05O2 and c) K0.3MnO2; 
d) Specific discharge capacity at 25 mA g-1 within the range 2.0-3.6 V; e) Rate 
performance under current densities of 22, 43, 87, 173, 260, 347, 440 mA g-1; f) 
Long-term cyclability and coulombic efficiency at a current density of 173 mA g-1. 
The voltage window is 2.0-3.6 V. 
 
 
Figure 6.9 XRPD data of a) K0.3MnO2 and b) K0.3Mn0.95Co0.05MnO2 precursor 
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powders measured ex situ and of the corresponding electrodes measured using in 
operando SXRPD before cycling. Reflections arising from Al metal are identified and 
those arising from the K2CO3 impurity phase are marked with an asterisk. 
 
The overlap of the curves between subsequent cycles indicates good reversibility of 
the processes in the 2.0-3.6 V range. The charge and discharge profiles show 
significant polarization, with corresponding cathodic and anodic peaks separated by 
0.17-0.20 V in K0.3Mn0.95Co0.05O2 and by 0.22-0.27 V in K0.3MnO2 (Figure 6.8a). 
Reversible capacities of 99 and 77 mA h g-1 were measured at a current density of 22 
mA g-1 in the 2.0-3.6 V range, which correspond to the insertion/extraction of 0.37 
and 0.29 K+ in KxMn0.95Co0.05O2 and KxMnO2, respectively (Figure 6.8b and Figure 
6.8c). The capacity improvement achieved by doping is therefore ~ 30%, and the 
enhanced capacity is retained over repeated cycling (Figure 6.8d). The rate 
performance also improves with doping (Figure 86.e and Figure 6.10a and b), with a 
smaller capacity decrease in KxMn0.95Co0.05O2 (~ 45%) compared with KxMnO2 (~ 
64%) when the current density is increased from 22 to 440 mA g-1. Although a 
contribution to the capacity may be expected to arise from double layer capacitance 
when cycled at 173 mA g-1, cyclic voltammetry shows that most of the capacity arises 
from intercalation processes even at higher scan rates (Figure 6.10c and d). 
Long-term cyclability was investigated at the current density of 173 mA g-1 (Figure 
6.8f). After 500 cycles, the capacity retention is about 75% of the initial capacity in 
K0.3Mn0.95Co0.05O2 and about 80% in K0.3MnO2. Both K0.3Mn0.95Co0.05O2 and 
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K0.3MnO2 exhibit coulombic efficiencies over 99.5%. XRPD data and STEM images 
(Figure 6.11) of electrodes recovered from coin cells after 100 cycles at 173 mA g-1 
between 2.0 and 3.6 V confirm that the layered material is stable in this voltage range. 
 
 
Figure 6.10 Galvanostatic charge/discharge curves of coin cells containing a) 
KxMnO2 and b) KxMn0.95Co0.05O2 under various currents measured for the 10th cycle, 





Figure 6.11 XRPD data of a) KxMnO2 and b) KxMn0.95Co0.05O2 before and after 100- 
cycles in coin cells. High-angle annular dark-field STEM images of c) KxMnO2 and d) 
KxMn0.95Co0.05O2 extracted from coin cells cycled 100 times. 
 
6.4.3 in operando crystalline structural evolution 
The variations of potential E vs. K+/K obtained from the CV and GC are directly 
related to the phase transitions that occur in the KxMO2 electrode in the half-cell 
configuration.[31] Although only 5% cobalt replaces manganese, the dissimilar profiles 
between the pristine and doped samples shows that structural transitions are notably 
affected by the doping. The mechanism of intercalation was investigated using in 
operando synchrotron X-ray powder diffraction (SXRPD) using customized coin cells 
containing either K0.3MnO2 or K0.3Mn0.95Co0.05O2. Comparison of in operando 
SXRPD data at the start of cycling with XRPD data of the precursor materials 
indicated that both samples spontaneously undergo a chemical reaction in the absence 
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of current within the battery (Figure 6.9). For K0.3MnO2, the structure of the initial 
phase is recovered at a lower state-of-charge (Figure 6.9a), indicating that potassium 
is intercalated during the initial reaction (spontaneous reduction). Accordingly, the 
open-circuit voltage of freshly assembled batteries decreases over time before cycling 
(Figure 6.12). For K0.3Mn0.95Co0.05O2, its hexagonal structure becomes monoclinic in 
the electrochemical cell before cycling, which points to reduction as Jahn-Teller 
distorted Mn3+ increases the stability of the monoclinic lattice. The monoclinic 
structure is maintained at all subsequent states-of-charge and the hexagonal symmetry 
never recovered. This suggests that either the monoclinic or hexagonal structure at x = 
0.3 is metastable at room-temperature. In other layered oxides adopting the 
monoclinic P'3-type structure at room-temperature, the lattice becomes hexagonal 
upon heating and the reaction is fully reversible on cooling,[32-33] suggesting a higher 





Figure 6.12 Open-circuit voltage vs. time of batteries containing a) K0.3MnO2 and b) 
K0.3Mn0.95Co0.05MnO2. 
 
A contour plot of the in operando SXRPD data during the first discharge and second 
charge for K0.3MnO2 and K0.3Mn0.95Co0.05O2 are shown in Figure 6.13 alongside the 
experimentally measured galvanostatic potential curve at 22 mA g-1. The starting 
composition KxMO2 (M = Co + Mn) of the electrode is not clear due to the 
self-discharge reaction that occurs before cycling, and the phase composition during 
cycling were calculated based on an assumed starting formula of K0.3MO2. 
In operando SXRPD data for both compounds were successfully indexed to a 
monoclinic unit-cell at all states-of-charge (Figure 6.13). Despite the overlap of the 
201 and -112 reflections at x > 0.25 and of the 200 and 110 reflections at x < 0.15, 
other reflections clearly show the monoclinic splitting. In the case of 
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K0.3Mn0.95Co0.05O2, reflections including the 110 and -202 display very low intensity. 
Reflections arising from other crystalline phases such as the aluminum current 
collector, the metallic potassium counter electrode, and the K2CO3 impurity phase are 
also visible in the SXRPD data. The position and intensity of K2CO3 reflections 
remained constant during cycling, indicating the electrochemical inactivity of this 
impurity phase. No reflections arising from the P2-type K0.51Mn0.94O2 were visible in 
the in operando SXRPD data. The elevated background between 18 and 20° arises 
from the glass separator. 
 
 
Figure 6.13. First galvanostatic discharge and second galvanostatic charge (a and b) 
of batteries containing K0.3MnO2 (top) and K0.3Mn0.95Co0.05O2 (bottom) and their 
corresponding in operando SXRPD data over angular ranges 6.05-6.27° (b and f) 
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15-16.8° (c and g), and 17.1-19.6° (g and h). Some reflections indexed to the 
monoclinic lattice are marked. Asterisks identify the position of some K2CO3 
reflections and the aluminium metal reflection is marked. Associated single layered 
phases are labelled in the discharge-charge curves and shown in blue for the P’3-type 
and red for the O’3-type structure, and the hashed block marks reflection broadening 
observed at higher K content. 
 
A series of structural transitions of the KxMO2 electrode can be identified in the in 
operando SXRPD data and correlated with the voltage variation, with constant 
voltage observed during two-phase transitions and continuous voltage variation 
observed during single-phase steps, in agreement with theory.[31] In K0.3MnO2, 4 
single-phase steps during discharge and 5 during charge can be identified, whereas in 
KxMn0.95Co0.05O2, 5 steps can be seen during discharge and 6 during charge. Each 
single-phase step is separated by a two-phase transformation. The similarity of the 
galvanostatic dV/dt and cyclic voltammetry curves allow the assignment of redox 
peaks to phase transitions (Figure 6.14). The deducted phase diagram is illustrated in 
Figure 6.13. The increased number of two-phase transitions, as well as larger overall 
volume change (Figure 6.15), for the doped sample may be responsible for the faster 
rate of capacity fading after repeated cycling (Figure 6.8f) although the overall 





Figure 6.14 a) Single-phase domains determined from in operando synchrotron X-ray 
powder diffraction and the corresponding galvanostatic curve of KxMnO2, with 
numbered phase transitions between each domain. b) Cyclic voltammetry measured 
for KxMnO2 at 0.1 mV s-1. c) dV/dt of KxMnO2. d) Single-phase domains determined 
from in operando synchrotron X-ray powder diffraction and the corresponding 
galvanostatic curve of KxMn0.95Co0.05O2, with numbered phase transitions between 
each domain. e) Cyclic voltammetry measured for KxMn0.95Co0.05O2 at 0.1 mV s-1. f) 
dV/dt of KxMn0.95Co0.05O2. Transitions in parentheses signify that although a clear 





Figure 6.15 Volume change of KxMnO2 and KxMn0.95Co0.05O2 relative to the volume 
of the initial material during the a) first discharge and b) second charge. 
 
 
Figure 6.16. Derived distances obtained from refined unit-cell parameters using in 
operando SXRPD data for a) K0.3MnO2 and b) K0.3Mn0.95Co0.05O2. Gaps in data arise 
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at particular compositions where the presence of multiple layered phases prevented 
unit-cell refinement. Error bars are the estimated standard deviations as corrected for 
local correlations after Bérar and Lelann[40]; c) Schematic illustration of the glide 
transitions in monoclinic KxMO2 (M = Mn + Co) with unit-cell parameters of 
KxMnO2 at x ≈ 0.1, 0.2, and 0.35 during charge with the position of oxygen 
approximated from the expected Mn3+/Mn4+ ratio. 
 
Unit-cell parameters were determined at most states-of-charge using Le Bail profile 
matching, with the exclusion of two-phase regions due to significant reflection 
overlap. The refined unit-cell parameters are given in Table S6.4 and 6.5 and plotted 
in Figure 6.17, with derived distances c·sinβ and a/b given in Figure 6.16a and b. 
The interlayer distance, given by c·sinβ, decreases at higher K content due to 
increased interlayer attractive bonding between K+ and O2-. The size of the triangular 
lattice, given by averaging a/√3 and b, increases with K content due to decreased 
valence of the transition metal ions from +4 to +3 which lengthens the Mn-O (Co-O) 
bond distance. The ratio a/b is equal to √3 in a regular hexagonal lattice and deviates 
from this ideal value in the monoclinic lattice due to distortions induced by 
cooperative Jahn-Teller effects. Accordingly, the ratio a/b deviates from this ideal 
value as the K content increases as a result of increased Mn3+. 
The lower a/b ratio of KxMn0.95Co0.05O2 phases compared with KxMnO2 phases 
confirms that cooperative Jahn-Teller distortions are reduced in the doped sample, 
enabling more isotropic migration pathways within the (a, b) plane which results in a 
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higher ionic diffusion rate of K+, as confirmed by GITT measurements (Figure 6.18), 
and consistent with the better rate performance and lower polarization (Figure 6.8) 
observed for K0.3Mn0.95Co0.05O2. The reduced MO2 layer distortion is also expected to 
improve the electronic conductivity of the material, in a similar manner to that 





Figure 6.17 a) a, b) b, c) c and d) β unit-cell parameters of KxMn0.95Co0.05O2 and e) a, 




Figure 6.18 a) Potential profiles obtained using the GITT for KxMnO2 and 
KxMn0.95Co0.05O2 in coin cells during charge (depotassiation) and b) the 




Table S6.4 Refined unit-cell parameters of KxMnO2 determined from Le Bail profile 
matching of in operando SXRPD data during cycling of a battery between 3.9 and 1.5 
V. Compositions are rounded up to the second decimal place and estimated standard 






























































































































2 phases  
0.04 O’3 5.0735(12) 2.8381(5) 6.7208(6) 105.50(2) 
 
Table S6.5 Refined unit-cell parameters of K0.3Mn0.95Co0.05O2 determined from Le 
Bail profile matching of in operando SXRPD data during cycling of a battery between 
3.9 and 1.5 V. Compositions are rounded up to the second decimal place and 
estimated standard deviations are reported in parentheses as corrected for local 






























































































































































2 phases  
0.01 O’3 5.002(3) 2.8495(10) 6.7250(13) 105.21(4) 
 
In sodium layered oxides, phase changes during cycling are usually attributed to alkali 
ion/vacancy ordering or phase transitions involving the gliding of metal oxygen 
planes.[35] In KxMO2 (M = Mn + Co), no extra reflections arising from potassium 
ordering could be observed, suggesting that the prismatic sites of the interlayer are 
crystallographically equivalent although the intensity of superstructure reflections 
may have been too weak to be seen using in operando data. Nevertheless, it is 
possible to distinguish between the O'3 and P'3-type layered structures from relative 
peak intensities. The two structures are related by a gliding of the layers along the 
[100], [130], or [-130] direction that results in distinctly different coordination 
environments for K: prisms in P'3 and octahedra in O'3. In the monoclinic setting, an 
O'3 structure will produce intense -202 and 111 reflections and almost absent -112 and 
201 reflections, with the opposite occurring for the P'3 structure type. The in 
215 
 
operando SXRPD data show that both K0.3MnO2 and K0.3Mn0.95Co0.05O2 electrodes 
initially have the P'3-type structure and reversibly transform into the O'3-type 
structure at low potassium content, with the transition occurring at x ≈ 0.15 for 
K0.3MnO2 and x ≈ 0.12 for K0.3Mn0.95Co0.05O2. Transformation to the O3-type 
structure was also observed for the related hexagonal P3-type KxMnO2 material, and 
density functional theory-based calculations suggested a higher stability of the 
octahedral coordination at low K content.[18] This result is in contrast with most 
sodium layered oxides for which the octahedral coordination is usually favored at 
high alkali content (x > 0.7 in NaxMO2) and prismatic coordination is favored at lower 
alkali content,[36,37] however, very low sodium content is rarely achieved due to 
irreversible transformations that usually occur for compositions with x < 0.3. Among 
the sodium layered oxides with x < 0.2, a range of structures have been reported 
including faulted P3-type Na0Ni1/2Mn1/2O2[38] and rock-salt structured Na0CrO2.[39] 
Our SXRPD data reveal a phase transition involving layer gliding at x ≈ 0.22 for 
KxMnO2 and at x ≈ 0.26 for KxMn0.95Co0.05O2. In this transformation, the P'3-type 
structure is maintained but the angle β changes significantly (Figure 6.17d, h), from 
103° (structure is denoted P'3-a type) to 108° (denoted P'3-b type), which is 
characteristic of layer gliding. For K0.3Mn0.95Co0.05O2, the transition also marks a 
break in the general trend in the evolution of interlayer distance. As MnO6 octahedral 
distortion increases at higher K content, gliding allows conservation of remaining 
undistorted KO6 units, with the transition in the β angle likely the result of strain 
relaxation. The series of glide transitions identified in monoclinic KxMO2 (M = Mn + 
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Co) are summarized in Figure 6.16c. 
On the whole, both electrodes undergo reversible transitions during charge and 
discharge, however, asymmetry is clearly visible. The interlayer distance (Figure 
6.16a and b) decreases after the P'3-type to O'3-type structure transition during 
charge, as would be expected from the reduced oxygen ion repulsion in the O'3-type 
(staggered O2-) compared to the P'3-type (stacked O2-) structure, however, this 
distance remains constant during the transformation on discharge. The interlayer 
distance in the P'3-type structure is also always smaller during discharge than charge. 
Incomplete conversion between the P'3-type and O'3-type structures at room 
temperature has been previously noted,[32] and a similar effect may occur for KxMO2. 
Such an incomplete conversion is evidenced by the slightly broader P'3-type phase 
-11l reflections in the SXRPD data during discharge (Figure 6.13). Moreover, 
increased disorder of P'3-type phase is also consistent with the smoother 
transformations observed on discharge, with continuous single-phase transformations 
at x ≈ 0.30 in KxMnO2 and x ≈ 0.28 in KxMn0.95Co0.05O2 (Figure 6.13 and 6.16), as 
opposed to the two-phase reactions during charge. In contrast, the unit-cell parameters 
for the O'3-type structure are similar during both charge and discharge (Figure 6.16). 
Therefore, the cycling is reversible despite the asymmetrical conversion as the 
material reverts to the same structure at lower K content. 
At high potassium content (x > 0.35) the 110, -111 and -112 KxMnO2 and 
KxMn0.95Co0.05O2 reflections (Figure 6.13), as well as most higher order reflections, 
become progressively broader as more potassium is inserted. This could correspond to 
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the formation of faults in the layered structure,[41] however, such faults cannot be 
reliably determined from the in operando SXRPD data. The CV and GC curves 
(Figure 6.7) do not point to a two-phase transformation at these potassium levels, 
suggesting a progressive increase of defects in a reversible process. Even though the 
crystal structure can theoretically accommodate more K+, the maximum amount of 
potassium that can be intercalated in monoclinic KxMO2 (M =Mn + Co) is close to x ≈ 
0.4. The reversible composition range commonly decreases with the radius of the 
alkali metal in layered oxides,[8] and difficulty in reaching higher alkali content may 
arise from stronger interaction between K+ ions due to the larger interlayer spacing 
and the closer proximity of electron clouds. According to the crystal radius of 
six-coordinate K+ (1.52 Å),[30] adjacent K would overlap in a hypothetical KMO2 
compound when the b unit-cell parameter is smaller than 3.04 Å. This imposes a limit 
on the number of available positions for potassium in the triangular lattice which 
could be responsible for the observed disorder at x > 0.35. 
In operando SXRPD data of K0.3MnO2 batteries during cycling was also performed 
over the extended voltage range 1.5-4.0 V (Figure 6.19). As consistent with the CV 
and GC curve profiles (Figure 6.7), a two-phase reaction occurs between 3.5 and 3.8 
V, with the reflections of K~0.04MnO2 fading while a new phase "X" is formed. The 
first intense reflection of this phase is observed at a d-spacing of ~ 6.49 Å, close to the 
interlayer distance in K~0.04MnO2, however, further indexation was not possible due to 
the broadening of all other reflections. A similar observation was made for hexagonal 
P3-type KxMnO2 and the so-called “X” phase could not be identified.[18] The 
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transformation is partially reversible, however, the layered structure disappears after 
several cycles (Figure 6.19). The loss of the layered structure is probably responsible 
for the irreversible loss of capacity when cycling in the 1.5-4.0 V range. All 
reflections become broad in this voltage region, suggesting a high degree of disorder 
in the resulting material. Local structure characterization may assist with the 
identification of the new phase formed. 
 
 
Figure 6.19 a) Voltage measured during the galvanostatic charge/discharge of 
K0.3MnO2 at 22 mA g-1 within the range 1.5-4.0 V; b) Corresponding in operando 





In conclusion, a comprehensive study of the electrochemical properties and structural 
phase evolution during cycling of monoclinic K0.3MnO2 and K0.3Mn0.95Co0.05O2 is 
presented. Notably, this work reveals the suppression of cooperative Jahn-Teller 
distortion induced by Mn3+ as a result of cobalt doping, leading to a more isotropic 
migration pathway for K+ in the interlayer. This enhances both the K+ diffusion rate 
and the rate performance, with K0.3Mn0.95Co0.05O2 delivering a reversible capacity of 
99 mA h g-1 at 22 mA g-1 in the voltage window 2.0-3.6 V, compared with 77.1 mA 
h.g-1 for the pristine K0.3MnO2 material, and a 92% higher reversible capacity at 440 
mA g-1 for the Co doped material. This work therefore demonstrates that cobalt-doped 
KxMnO2 can be regarded as a suitable candidate positive electrode material for 
potassium ion batteries. 
Some issues remain regarding the stability of the layered oxide material, and although 
the capacity after 500 cycles remains higher in the cobalt doped compared with 
pristine material, the capacity decay is enhanced, reducing after 500 cycles from 83% 
to 74% of its initial value. Detailed insights into the mechanism of this structural 
instability are provided by our in operando powder diffraction study. Phase transitions 
that involve layer gliding were identified in both pristine and cobalt-doped samples, 
with an asymmetry observed between charge and discharge that may arise from 
incomplete gliding between the P'3-type and O'3-type structures. We find that the 
reversible capacity of the cobalt doped sample is limited to 0.4 K per MO2 (M = Mn + 
Co), where structural faults are introduced at high potassium content, probably due to 
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the relatively large size K+ that prevents close-packing within the interlayer. This 
suggests that capacity may be increased further by substitution with elements 
possessing larger radii (e.g. 4d-5d transition metals and/or S or Se anions) that would 
result in increased distances in the (001) plane. Cycling at voltages larger than 3.6 V 
resulted in fast capacity fade due to the irreversible loss of the layered phase at high 
voltage.  
Considering the relationship between electrochemical performance and crystal 
structure, the relatively moderate 5% cobalt doping effectively promoted the 
material’s rate capability by providing more isotropic migration pathways for K+ in 
the interlayer, yet inevitably impairing cyclability by triggering additional phase 
transitions upon cycling. We hope that these mechanistic insights will motivate the 
further improvement of this material in the future, with the doping level yet to be 
optimized. The high toxicity of cobalt also motivates the future exploration of safer 
and potentially cost-effective alternative dopants in this material, noting that cobalt is 
used extensively in many commercial LIB electrodes. Inspired by the ternary 
materials that successfully led LIB and SIB development, a prospective strategy for 
designing high-performance PIB electrodes may lie in the introduction of another 
inactive metal ion such as Mg2+, Zn2+, Ni3+, or Cr3+, to further stabilize the 
structure.[42-47] Further, the minor stability issues of this electrode may be overcome 
through optimisation, such as was achieved for graphitic electrodes used in LIBs 
which exhibited relatively large instability in the early stages of the technology.[48] 
The current study provides a fundamental understanding of the mechanism of K 
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intercalation in layered oxides, informing the strategic development of these materials 
for use in PIBs. 
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Chapter Seven Summary and Outlook 
7.1 Summary of this doctoral thesis 
This doctoral thesis has mainly focused on the development of the potassium ion 
battery, a relatively new energy-storage technology (EST), although it shares a similar 
energy-storage mechanism with the lithium/sodium ion battery. A comprehensive 
background to the research and a literature review have been provided in chapter one 
and chapter two. Three research works from these PhD studies have been reported, 
respectively corresponding to the main components of potassium ion batteries. The 
configuration of this thesis thoroughly follows the research logic of the energy-storage 
technology. Two alloying-based anode materials, bismuth and antimony, are 
introduced and buffered with novel electrolyte salt chemistry and the construction of a 
unique supporting framework, respectively; one cathode material, layered manganese 
oxide, is reported with structural insights into the layer gliding and lattice distortion 
when doping with hetero-ions. Good results have been acquired, and it may offer 
more insight into the strategic development of electrodes for application in PIBs. 
7.2 Outlook 
Though the PIBs are very unlikely to replace LIBs in portable electronics or electric 
vehicles, where high energy density is a key requirement, several advantages such as 
their low cost and long-term technological sustainability may allow them to compete 
with the Li-ion technology in stationary energy storage applications. Still, the most 
straightforward approach applied to the design of new potassium-based battery 
systems implies drawing direct analogies between LIBs and PIBs, as many specific 
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details on the chemical reactivity and thermodynamic aspects of K+ intercalation 
reactions are not yet available. Most research efforts are geared toward the 
development of newer, better, and more functional electrode materials. 
The research of electrode materials is no longer sufficient, however, to solve all the 
different kinds of challenges for the development of large-scale energy storage. For 
LIBs, electrolytes, electrolyte additives, and binders, have been comprehensively 
studied for decades, most often by commercial battery manufacturers. For PIBs, such 
research has not been as prolific. Firstly, systematic study of the possible electrolytes 
remains lacking. In the Li/Na systems, the electrolytes act as ionic charge carriers, 
which are necessary for the electrochemical reactions to occur. Ideally, the 
combination of salt/solvent must offer low viscosity, high ionic conductivity, stability 
over a wide potential window, good thermal stability, and low toxicity. Electrolytes 
with low ionic conductivities or high viscosities lean to cycle poorly at large current 
densities or below ambient temperatures. Furthermore, electrolytes resistant to 
breakdown into side products, often labeled under the catch-all term SEI, are also 
desirable, as the uncontrolled formation of SEI can lead to slower transport, higher 
polarization, and loss of charge carriers, which are all factors contributing to hastened 
the failure of batteries. Difficulties associated with the stabilization of the electrode 
material/potassium electrolyte interface under high operating potentials require the 
application of higher voltage electrolytes.  
In addition to the electrolyte, another important external component to the operation 
of a battery is the binder that is used to hold the electrode material on the current 
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collector. Unless the electrode material is a naturally free-standing material and can be 
used as a monolith electrode, the binder will be needed to attach the electrochemically 
active mass to the current collector. We would like to stress that the binder should be 
considered as a component that is more than just something to hold the electrode 
particles on the current collector. In the case of the amorphous carbon anode, the use 
of binders such as PVDF can cause inefficiencies in the 1st cycle and lead to poor 
cycle life. Alternatives, such as CMC, polyacrylic acid (PAA), or sodium alginate 
should be considered. The world of polymer chemistry is rich with plenty of different 
polymers, some even conductive, which have yet to be tested as a binders for 
electrode materials. Additionally, the role of the binder material in alloying and 
conversion type anodes becomes even more important, as it directly plays into the 
capacity of the anode material and can make all the difference between a failed anode 
and a functional one, even if the active material stays the same. 
All in all, this doctoral thesis has addressed the existing issues for PIBs, and proposed 
some original ideas as solutions. Hopefully, it will contribute to the development of 
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